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Abstract 
A isolated bacterial strain Pseudomonas sp. ADD16-2 was shown to 
be able to degrade 19 azo dyes. The azo-reductase of the bacteria was 
purified to a single band as shown on Coomassie Blue stained gel of SDS 
PAGE. The enzyme was a 13200 dalton monomer that had same Km values 
for NADH and NADPH. 
Permeability of the dyes to the cells was found to be rate-limiting to azo 
dye reduction, as compared with the degradation curves from whole cells and 
crude extract. There was selectivity towards the permeability of the dyes to 
the bacteria, dyes with smaller ring structures were more readily permeable 
to the cells. The ability of dye degradation in Pseudomonas ADD16-2 was 
found to be inducible by the products of dye degradation. There was an 
increase in cell permeability to the azo dyes in the induced cells. 
Immobilization of the bacteria in calcium alginate gel increased the 
tolerance of the bacteria against toxicity of azo dyes and aromatic amines. 
、 
The permeability of immobilized cells was found to be recoverable in the 
presence of high concentration of dyes and aromatic amines. This may 
suggest that the entrapped cells could tolerate higher dye and aromatic amine 
concentrations, and provided an explanation of why the entrapped cells were 
more durable than free cells in treatment of dye contamination. 
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1.1 Azo dves 
Azo dyes are by far the most important class of dyes, comprising over 
50% of total world production of dyestuffs production (Gordon and Gregory, 
1987). Azo dyes have achieved this prominence because they are tinctorially 
strong (i.e. low amount of dye is sufficient to dye a given weight of cloth) and 
easy to prepare in a multi-purpose chemical plant from cheap, readily 
available materials such as benzene and aniline. Moreover, they cover the 
whole shade range of visible wavelength and have good fastness properties. 
Furthermore, dyes are also applicable to a wide range of materials including 
cotton, silk, leather, wool, cellulose acetate, viscose rayon etc. in textile 
industry. Azo dyes are also popular for the dyeing of paper, coloring of paints, 
varnishes, plastic, inks, food, drugs and cosmetics in many different major 
industries. 
1.2 Chemistry of azo dyes 
All azo dyes contain the azo group (-N=N-) that was linked to two 
aromatic residues. Azo dyes may contain one to four azo groups (e.g. a 
diazo dye contains two azo groups). The colour of the dye is derived from 
selective absorption of light by the valence electrons of the molecule whose 
frequencies synchronize with the light of a definite frequency. 
1.2.1 Synthesis of azo dves 
Azo dye formation is based on two basic reactions: diazotization and 
coupling . In diazotization, a primary amine converts into a diazo or 
diazonium salt. This diazo compound, which can be made from practically 
any primary aromatic amines, then couples with a second substance (any 
compound that possesses an active hydrogen atom bound to a carbon atom). 
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This second substance may be compounds that possess phenolic hydroxyl 
groups, such as phenols and naphthols, aromatic amine or compounds that 
possess enolizable ketone groups of an aliphatic character. 
Diazotization: 
ArNH2 + 2HX + NaNO2 —> ArN2+X- + NaX + 2H2O 
where: Ar = an aromatic hydrocarbon radical 
X = CI, Br, NO3, HSO3 or BF4 
Coupling: 
ArN2+X- + HR —> ArN=NR + HX 
where R is alkyl or aryl group 
1.2.2 Oxidation and reduction 
Azo dyes can be reduced by reducing agents (e.g. sodium hydrosulphite 
in acid media) to hydroazo intermediates that can be reoxidized to the original 
substance or further reduced and splited into 2 molecules of amines: 
ArN=NAr' <===> [ArNH:NHAr'] —> ArNH2 + Ar.NH2 
where Ar and A r � = phenyl, napthyl or other aromatic radical 
Azo dyes can also be oxidized by oxidizing agents such as organic 
peroxides that convert the azo group to azoxy group (-N=0). 
1.2.3 Dveing 
The dyeing process is the distribution of a dye between at least two 
phases: the dyeing bath and substrate. The distribution process involves 
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adsorption and absorption depending on whether the dye is retained by the 
surface or enters the interior of the substrate. Chemical reactions such as 
formation of covalent bonds or metal chelation complex may occur in the 
substrate which immobilize the dye molecules. For the distribution process of 
dye to the substrate, different intermolecular interactions are responsible for 
the adsorption in dyeing. Electrostatic forces, van der Waal's forces, 
hydrogen bonds and hydrophobic interactions are the major types of forces 
involved in the adsorption process (Yariv et al., 1989). Van der Waal's forces 
and hydrophobic interactions cause the self-association of dye: aggregation. 
Aggregation of dyes takes place on and in the substrates during or after the 
dyeing process and during after-treatments. 
1.2.4 Staining to bioloqic3l msiterisils 
The use of colorants in biochemistry involves qualitative or quantitative 
identification of morphological structures. These methods are based on the 
application of colorants as an analytical tool for the identification of chemical 
structures and reactions. The staining of biological structures involves 
selective coloration of the structure for their microscopic characterization. 
Staining is based on the same dye-substrate interactions as the dyeing of 
textile. Selectivity is based either on different affinities or different rates of dye 
diffusion in the substrate. 
1.3 Toxicities of azo dyes 
With the extensive usage of azo dyes, it is important to learn the fate of 
the dyes in the environment and the effects on biological organisms. 
Toxicities of azo dyes to human beings and to other organisms were 
extensively investigated since the carcinogenicity of azo dyes were awared. 
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It is also important to know the effect of azo dyes to microbial system in order 
to know the fate of the dyes in the environment and to find a way of bio-
remediation. 
1.3.1 Toxicities to mammals 
Toxicities of azo dyes was suggested to exert with three mechanisms 
(Brown and DeVito, 1993). First, azo dyes are toxic only after reductive 
cleavage of the azo linkage to free component aromatic amines (Chung et al., 
1978). Many aromatic amines are carcinogenic (Fig. 1.1) (Brown and DeVito, 
1993). The amines are oxidized via metabolic oxidation to reactive 
electrophilic intermediates which then bind to DNA molecules (Cartwright, 
1983). The second mechanism of azo dye toxicity involves dyes having free 
aromatic amine groups where the dyes can be directly active via metabolic 
oxidation to electrophilic substances. The third mechanism involves the 
oxidation of the azo linkage of the dye to the highly reactive diazonium ions. 
Many researches showed that azo dyes are reduced in the gut by intestinal 
bacteria before they can enter the body (Roxon et a/.’ 1967; Walker, 1970; 
Chung and Stevens, 1992). And if the dyes enter the body, they are reduced 
by enzyme system of the liver and then excreted in the urine as constituent 
aromatic amines (Radomski and Mellinger, 1962). So the first mechanism is 
the most important in the toxicity of azo dyes to mammals. 
1.3.2 Toxicity to microorganisms 
Azo dyes are inhibitory to the respiration of microorganisms in activated 
sludge. The azo dye Tropaeolin 0 was found to be toxic to microbial 
populations in fresh water (Michaels and Lewis, 1985). Azo reduction of 
bacteria was found to be inhibited by its reduction products that also lowered 
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Fig. 1.1 Azo dves that have been evaluated for possible carcinogenicity bv 
the International Agency for Research on Cancer. Most of the possible 
carcinogenic dyes contained benzidine (substituted benzidine) or amine 
substituent and are only partially sulfonated (sulfonic acid substituents are not 
on all the aromatic rings in the dye molecule). (Brown and DeVito, 1993). 
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the growth rate of the cells (Wuhrmann et a/.�1980). 
1.4 Degradation of azo dves 
Azo dyes are degraded in the body when they are ingested. It is thus of 
dinical interest to know the degradation of dyes in mammalian system. In 
order to find a way of bio-remediation, extensive researches were done to 
find microorganisms that are capable of dye degradation. Degradation of 
dyes by fungi and bacteria was found to be promising methods of treating 
dye pollution (Goszczynski etal., 1994; Haug etal., 1990). 
1.4.1 Degradation of azo dves bv mammalian system 
Azo dyes are mainly reduced in the liver by enzymes to the corresponding 
aromatic amines. The reduction of azo dye is of dinical importance as a 
possible detoxification mechanism for carcinogenic azo dyes. The source of 
enzymes has been shown to be in the endoplasmic reticulum of hepatocytes. 
There are at least two microsomal enzyme components suggested as being 
responsible for hepatic microsomal azo-reductase activity: NADPH-
cytochrome c reductase and cytochrome P-450 (Fujita and Peisach, 1978). 
The enzyme responsible for azo reduction appears to be substrate dependent 
Peterson et a/.(1988) showed that selective inhibition of either NADPH-
cytochrome c reductase or cytochrome P-450 only inhibited the degradation 
of some azo dyes. Nevertheless, most of the ingested azo dyes will not be 
found in the body since they are degraded by the intestinal bacteria before 
they can be absorbed (Chung and Stevens, 1992). 
1.4.2 Degradation of azo dves bv funqal svstem 
The feasibility of using fungal system to degrade synthetic compounds 
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were very successful and so attempts were made to degrade of azo dyes. 
Owing to their versatile and rather non-specific aerobic lignin-degrading 
ability, white-rot basidiomycetes, especially Phanerochaete chrysosporium, 
received most of the attentions (Paszczynski et al., 1991). This lignin-
degrading ability of the fungi is initiated during secondary metabolic 
(idiophasic) growth, when the fungi can degrade synthetic organic 
compounds with similar structure as lignin (Spadaro et al., 1992). The fungi 
produce high level of lignin-degrading enzymes - lignin peroxidase and 
manganase peroxidase. These enzymes can decolorize over 95% of the azo 
dye Orange II，Tropaeolin 0 and Congo Red at initial concentration of 57, 63 
and 76 ^iM respectively under aerobic condition (Cripps et al., 1990). 
Complete degradation of several azo dyes could be achieved by the fungi 
(Goszczynski etal., 1994; Ollikka etal., 1993; Spadaro and Renganathan, 
1994). 
Paszczynski et al (1991) examined the biodegradability of 12 wide-type 
Streptomyces sp. (ligninocellulolytic bacteria) and Phanerochaete 
chrysosporium towards sulfanilic acid and several azo dyes including Acid 
Yellow 9， and dyes modified by conjugating with guaiacol molecule (2-
methoxyphenol). They found that five of six Streptomyces sp., which were 
capable of assimilating vanillic acid - a compound having same ring 
substitution pattern as guaiacol, could significantly decolorize two modified 
azo dyes. These Streptomyces sp. could not degrade sulfanilic acid or 
decolourize Acid Yellow 9. On the other hand, the fungi Phanerochaete 
chrysosporium could almost completely decolorize the modified dyes 
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conjugated with guaiacol whereas it can only degrade Acid Yellow 9 and 
sulfanilic acid to a limited extent. These results indicated that the degradation 
of sulfanilic acid and Acid Yellow 9 by both the bacterial and fungal system 
were rendered feasible by linking the dye with the guaiacol substituent first. 
Though this method could increase the scope of dyes being degraded by the 
fungal system, the degradation versatility of fungi system was still very limited 
and is only restricted to compounds with lignin-like structures (Pasti-Grigsby 
et al., 1992; Paszczynski et al., 1992). Hence further investigation is needed 
in view of the attractive feature of complete mineralization of the dyes. 
1.4.3 Degradation of azo dves bv bacteria 
Early studies on the microbial degradation of azo compounds mainly 
focused on the reduction of the dyes by intestinal microbes. A wide range of 
water-soluble azo dyes are reported to be efficiently reduced by bacterial 
systems. 14 different azo dyes were reported to be reduced by 21 different 
intestinal bacteria species (Dieckhues, 1960); a series of sulfonated water-
soluble azo dyes were efficiently reduced to the corresponding amine 
components by both the whole cell and cell-free extract system of an 
anaerobic Proteus species of bacteria isolated from large intestine (Roxon et 
al., 1967). In similar study，ten different species in nine genera of anaerobic 
intestinal bacteria showed a broad spectrum of azo-reduction activity against 
a variety of sulfonated water-soluble azo dyes. All ten anaerobic bacteria 
tested reduced more than one azo dye (Chung et ai, 1978). 
Other reports showed the lack of specificity of bacterial azo reductase 
systems for sulfonated azo dyes (Rafii et a/ .�1990; Ma, 1994). Idaka et al 
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(1987) isolated the azo reductase from rat intestinal bacteria and tested its 
specificity to a wide range of electron-withdrawing or donating substituents. 
4-amino, 4-acetamido, 4-hydroxy, 2,4-diamino, and 4,4'-diamino-azobenzene 
were all effectively reduced by the azo reduction. In spite of the lack of 
specificity to dyes, the results from different studies generally showed that 
bacterial reduction of azo dyes had some common features, which will be 
discussed in the following sections. 
1.4.3.1 Requirement of cofactors 
Bacterial azo reductases function with a variety of cofactors: NADPH, 
NADH and reduced flavins (FAD and FMN). The non-enzymatic azo 
reduction of 4-aminoazobenzene by NADPH had been reported, although the 
reaction rate was greatly enhanced by the addition of the bacterial 
homogenate system (ldaka et al., 1987). Reports that NADPH or reduced 
FAD could directly and non-enzymatically reduce several different azo 
compounds (though with much lower rate than enzymatic reduction) suggest 
that the presence of an azo reductase may not be an essential factor in azo 
reduction and that not all the activity demonstrated in a crude enzyme system 
can be attributed entirely to enzymatic reduction (Walker, 1970). The reduced 
flavins act as electron donors which shuttles from NAD(P)H-dependent 
flavoproteins to the acceptor azo compounds. 
Addition of flavin mononucleotide to a bacterial cell suspension caused a 
marked linear enhancement of azo reduction (Chung et al., 1978) and a 
soiubilized azo reductase isolated from rat intestinal bacteria was reported to 
require NADPH (ldaka et al 1987). Anaerobic intestinal bacterial azo-
reductase activity in the supernatant fraction in sonically disrupted cells were 
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greatly enhanced by NADPH, FMN, or FAD. It was concluded that the 
reductase involved at least one flavoprotein system (Scheline et al., 1970). 
The azo reductase activity by bacterial suspensions and ceil homogenates 
toward the azo drug sulfasalazine was shown to require the presence of 
NADPH and FAD cofactors for maximum activity (Khan et a/.�1983). 
Preference of NADH (Roxon etal., 1967) and NADPH (Zimmermann et a/., 
1984) were reported in different systems of bacteria and azo-reductase. 
1.4.3.2 Effect of oxygen 
Oxygen was often found to be an inhibitor of azo reduction especially for 
anaerobic microbial system (Chung and Stevens, 1993). However, azo dyes 
were also reduced aerobically by some organisms, for example, p-
aminoazobenzene was reduced by Bacillus subtillis (Horitsu et a/.�1977) and 
Aeromonas hydrophila (ldaka et al., 1978) under aerobic conditions. The 
mechanism of oxygen inhibition was believed to be competitive inhibition of 
oxygen for reduced electrons. It was suggested that the first intermediate in 
the reduction of azo dye was a two electron reduction product, the 
corresponding hydrazine derivative (ArNHjDNHAr'). This intermediate was 
more likely to be re-oxidized to azo dyes rather than further reduced to 
amines in the presence of oxygen (Hernandez et al . ， 1 9 6 7 ) . 
An alternative mechanism suggested was the competition of reduced 
electrons carries (e.g. reduced flavins) of oxygen with azo dyes. In the 
presence of oxygen, the reduced electrons are more readily to be accepted 
by oxygen molecule rather than the dye molecule (Chung and Stevens, 
1993). 
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A third mechanism was the oxidation of the aromatic amines to dead end 
products which accumulated and poison the cells or enzyme. 4-
aminonaphthol formed from the reduction of Orange I was oxidized to form 
complex with the other end products in an Pseudomonas sp. (Zimmermann et 
al., 1984). 
1.4.3.3 Effect of cell permeability 
Azo reduction with a cell-free homogenate from Fusobacterium bacteria 
species isolated from human intestine was reported to be more efficient in a 
cell homogenates compared to whole cell systems (Hartman et al., 1978). 
Aged and damaged cells were found to reduce azo dyes more efficiently and 
metabolize a wider range of azo dyes than intact cells (Haug et al., 1991). 
Wuhrmann et al (1980) showed that all azo dyes not measurably reduced by 
living cells of Bacillus cereus were reduced by extracts of the same bacterial 
species. This suggested that bacterial cell penetration by the dye is a rate-
limiting step for the intact bacterial cells and that many bacterial cells can 
degrade a wider range of dyes if permeability is increased. Sulfonic acid 
substitution of the azo dye structure apparently blocks effective dye 
permeation. Since cell penetration is a requirement for reduction, azo dyes 
that are unable to penetrate the bacterial cells will not be reduced. 
Pseudomonas stutzeri could degrade only non-sulfonated dyes by whole cells 
but the cell homogenates could also degrade sulfonated dyes (Yatome et al., 
1991). This shows that the sulfonated dyes are barred from permeation into 
the cells. Treatment of Bacillus cereus by toluene removed the block to dye 
permeation and resulted in a significantly increased passage of sulfonated 
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and carboxylated azo dyes from the external medium into the cell with a 
concomitant increase in the reduction rate of the dye (Mechsner and 
Wuhrmann, 1982). The rate of dyes through the cell membrane seems to be 
the limiting step in the microbial reduction of azo dyes. 
1.4.3.4 Redox potential and rate of dve degradation 
When discussing reduction, the redox potential ofthe chemical is usually 
a reference to the rate. Molecules with less negative redox potential are 
usually reduced faster. According to Schroder and Johansson (1973)，the 
presence of bacteria and a highly negative redox potential of -100 to -300 mV 
were shown to be a prerequisite for azo reduction in the intestine. The 
reduction of azo dyes in the gut required the presence of strictly anaerobic 
bacteria that can produce a negative redox potential of less than -100 mV. In 
a study on the rates of reduction of six sulfonated water-soluble azo dyes, the 
rate of azo reduction of a specific dye was found to be highly correlated to the 
redox potential of that dye (Fig. 1.2) (Dublin and Wright, 1975). 
1.4.3.5 Rate of dve reduction 
Kinetics of azo reduction on non-adsorbed dye (freely soluble) was found 
to be first order (Wuhrmann et al., 1980). However, when the measure of 
kinetics took account for the dye adsorbed to the cell wall on Pseudomonas 
vulgaris, the kinetics measured was zero order (Dubin and Wright, 1975). 
The difference reported in these studies may be due to the transport of the 
dye from the external medium through the cell wall to the plasma membrane 
(Chung and Stevens, 1993). Attempts to relate the rate of dye degradation to 
the structure of the dyes were made by different researches without 
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Fig. 1.2 The relation of azo-reduction rate of six sulfonated azo dves bv 
bacterial cell suspensions to the redox potential of the dves. The rates of 
reduction of six sulfonated water-soluble azo dyes: Amaranth, Orange II, 
Ponceau 3R, Ponceau SX, Sunset Yellow, and Tartrazine, was studied with 
an anaerobic culture of the gut bacterial species Proteus vulgaris. The rate of 
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conclusion (Ma, 1994; Chung etal.，1978; Chung and Stevens, 1993). 
1.4.4 Azo reductase 
The enzyme responsible for the initial degradation of azo dyes is azo-
reductase. Mammalian azo-reductase and bacterial azo-reductase had been 
studied in detail. 
1.4.4.1 Microsomal azo-reductase 
Azo reductase activity was found to be mainly localized in the liver 
microsomes (Walker, 1970). NADPH-cytochrome c reductase and 
cytochrome P-450 was attributed to be the enzyme system that reduce azo 
dyes. Kinetic studies of hepatic azo-reductase indicated that the enzyme 
could not be saturated within the limits of the solubility of a drug neoprontosil 
(Walker, 1970). It was speculated that there existed in the liver an indirect 
reduction system in which the coenzyme FAD is not a tightly bound prosthetic 
group but, in its fully reduced form, reduced various substrates non-
specifically. 
Azo reductase activity was also found in cytosol fraction of the liver. 
Huang et al (1979) reported the reduction of 2'-carboxy-4-(N,N-
dimethylamino)-azobenzene (methyl red) by rat liver cytosol preparation. An 
azo-reductase had been purified to apparent homogeneity, which was a dimer 
with molecular weight of 30 kDa of each monomer (Huang et al., 1979). The 
protein contained 2 moles of FAD/mole of enzyme. Activity required the 2-
carboxyl group on one of the benzene ring at the azo dye molecule. Another 
class of azo reductase activity was suggested for the degradation of polar azo 
dyes such as Amaranth in the cytochrome P450. (Zbaida and Levine, 1990). 
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1.4.4.2 Bacterial azo reductase 
Zimmermann et al had purified two azo reductase from Pseudomonas 
strains, one was specific to the degradation of Orange I，and the other was 
specific to the degradation of Orange II (Zimmermann etal., 1982，1984). 
The Orange � azo reductase was a monomer of 21 kDa which required a 
hydroxyl group in the 4' position of the naphthol ring of the substrate 
molecule. Orange II azo-reductase was a 30 kDa protein and required a 2-
naphthol moiety in the substrates. Both enzymes could use NADH or NADPH 
as substrate. 
Idaka et al (1987) partially purified a p-aminoazobenzene azo-reductase 
from Pseudomonas cepacia. The enzyme specifically required a 2'-carboxyl 
group on substrate. An azo-reductase highly susceptible to oxygen inhibition 
was isolated by activity staining on anaerobic gel electrophoresis (Rafii et aL, 
1990). Two azo-reductase from two different bacteria were isolated by 
electrophoresis on polyacrylamide gels followed by activity staining (Dykes et 
al., 1994). The enzymes was NADH-dependent and had moleuclar weight of 
29 kDa and 27 kDa. They had similar activity to the Orange II azo-reductase 
as that described by Zimmermann (Zimmermann et a/.�1982). 
1.5 Immobilization of microorganisms 
Immobilization is a general term that describes many different forms of 
cell attachment or entrapment. These different forms include flocculation, 
adsorption on surfaces, covalent bonding to carriers, cross-linking of cells, 
encapsulation or entrapment in a matrix (Klein and Vorlop, 1985). One 
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method that has emerged as successful in the laboratory and useful in 
commercial applications is the entrapment of cells in a polymer gel-matrix. 
Results from bio-reactor studies have demonstrated that entrapped cells have 
the following advantages over free cells under numerous conditions. These 
advantages include increased metabolic activity and metabolite production 
(Scherer etal., 1981), protection from toxic substances (Keweloh etal., 1989) 
and increased plasmid stability (Berry et al., 1988). 
Immobilized microbial cells had been tested extensively in the laboratory 
for possible environmental applications. Fungal strains have been entrapped 
for bio-control and biodegradation (Axtell and Guzman., 1987). Entrapped 
microalgae have been investigated for metal sequestration and waste water 
nutrient removal (Chevalier and Noue J de la, 1985). Bacteria were 
entrapped for metal uptake and degradation of toxic compounds such as 
phenols (Anselmo and Novals, 1992). 
15.1 Gel matrix for entrapment 
Various matrix are used for the entrapment of microorganisms, such as 
ceramic matrix (Tso et al., 1994), polyacrylamide gel (Kuhn etal” 1991), agar 
gel (Mignot and Junter, 1990), calcium alginate (Hilge-Rotmann and Rehm, 
1990; Smith etal., 1993) and K-carrageenan (Hilge-Rotmann and Rehm, 
1991). Among the matrix used, calcium alginate and K-carrageenan were 
most commonly used and was successfully employed in several studies. 
Alginate are linear polymers of p(1,4)-D-mannuronic acid and a(1,4)-L-
guluronic acid monomers which are produced by brown algae. Different 
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algae produce alginates that vary in monomer composition, arrangement and 
chain length. Therefore, there are different properties of alginates. When 
exposed to Ca?+ ions，a cross-linking network is formed by the bonding of 
Ca2+ ions with polyguluronic portions of the polymer strands, a process known 
as ionic gelation. The best gel formers are those with guluronic acid units 
because the guluronic acid units bind Ca?+ much more stronger than the 
mannuronic acid units. 
Carrageenan is produced by red algae. Three types of carrageenan are 
produced and labeled by the Greek suffixes i, X and K. All carrageenans 
feature a common backbone of alternating p(1,3)-D-galactose and a(1,4)-D-
galactose. The carrageenans differ in the number and site of sulfonation on 
both sugars. Gelation is temperature dependent, and further strengthening of 
the polymer network occurs in the presence of potassium ions as they interact 
with the sulfate residues on the polymer strands. K-carrageenan was usually 
in encapsulation processes because of its firmer gelling potential. 
1.5.2 Effect of gel entrapment to microbial cells 
Gel entrapment changes the physical environment surrounding the cells. 
The internal structure of the beads is not homogeneous, and may be affected 
by many factors such as time of gelation, carrier concentration and type, 
concentration and pH of the ionotropic cation solution, viscosity, internal 
particles and temperature (Nava et al., 1994). Changes in such factors cause 
changes in morphology, physiology and behaviour of the immobilized cells. In 
the following sections, the major effects of gel entrapment to microbial cells 
will be discussed. 
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1.5.2.1 Reduced diffusion of substrates in gel 
The matrix created by entrapment may restrict diffusion of gases and 
solutes into beads, particularly into the central interior area. Oxygen is the 
major substrate which appears to be limited (Gosmann and Rehm, 1986; 
Omar, 1993). Substrate diffusion is decreased when cell density within the 
beads decrease. The majority of cells that produce microcolonies initially 
grow homogeneously in the bead, but ultimately result in growth close to the 
bead's outer surface, which then further decrease the diffusion of substrate to 
the inner part of the beads (Hunik etal., 1993; Wijffels and Tramper, 1995). 
1.5.2.2 Effects in growth pattern 
Growth responses of entrapped cells may vary depending on the initial 
inoculum size used, and the actual cell position within the bead. Cells were 
grown into microcolonies in the gel. When low cell densities (8 x 10® cells per 
g of bead) were used, the growth rate of alginate-entrapped Saccharomyces 
cerevisiae cells was similar to that of free cells in suspension, and growth may 
have occurred initially throughout the bead (Vives et al., 1993). With larger 
initial cell densities, the majority of cell growth appeared to occur at or close 
to the bead surface (Monbouquette and Ollis, 1988). On-line study of the 
growth of a Saccharomyces cerevisiae microcolony inside alginate, cells of 
the growing microcolony was found to push the surrounding gel away, leading 
to dense packing of cells in fluid but not in the alginate gel (Willaert and 
Baron, 1993). The growth rate of immobilized cells has been reported to be 
faster or no different to free cells (Galazzo and Bailey, 1990; Lefebvre and 
Vincent, 1995; Willaert and Baron, 1993). There is no consistent effect of 
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encapsulation on growth rate yet and further studies in this area are 
necessary to determine if altered growth rates from encapsulation may affect 
physiological functions of the cells. 
1.5.2.3 Protection of entrapped microbial cells 
Entrapment provides a microenvironment for the cells different from the 
macroenvironment, and this may minimize some of the detrimental effects. 
Entrapment may improve cell survival by protecting cells from various 
environmental stresses (Trevors etal., 1993). Diffusional inhibition and 
limited volume of beads control the rate and volume of fluids entering and 
exiting the beads, and so entrapment provides a more stable 
microenvironment for the entrapped microbial cells and hence protects the 
cells (Kearney et a/.�1990). 
Immobilization of microbial cells has been observed to confer protection 
from toxicity of compounds exterior to the immobilized cells, and phenol has 
been used for the majority of these studies. Bettmann and Rhhm (1984) 
investigated degradation of the highly toxic phenol by free and alginate-
entrapped Pseudomonas sp cells. Entrapped cells can degrade phenol up to 
3g/L but free cells can only degrade 1.5g/L. The authors found that the 
formation of microcolonies was essential to the protection effect and 
suggested that the colonies around the outside edge of the beads form a 
diffusion barrier to phenol to protect the inner cells. 
Keweloh et al (1989) tested the tolerance of phenol to a phenol degrading 
Pseudomonas putida strain, and two non-degraders bacterial strains 
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Escherichia coli and Staphylococcus aureus . At 2 mg phenol per ml, only the 
immobilized cells were able to grow. The authors concluded that increased 
tolerance to phenol was a characteristic of immobilization and not specific for 
phenol-degrading bacteria. An envelope was observed surrounding the 
microcolonies formed by entrapped E. coli (Keweloh et al.’ 1989). The 
envelope was not present with free cells, such morphological changes was 
suggested as adaptation measure of the immobilized cells. Higher protein-to-
lipid ratios in membranes of immobilized cells were observed compared to 
free cells, with a different protein pattern in the outer membrane (Keweloh et 
a/.�1990). However, cells released from the immobilization matrix did not 
have the same protection against phenol (Keweloh et al., 1989). This shows 
that the protection effect requires the cells entrapped in the matrix. 
Morphology changes were also observed in other cases with increased 
metabolic activity, for example, Galazzo and Bailey (1990) observed a 
decrease in the intracellular pH and an increase in the glucose uptake rates 
of alginate-entrapped, morphological aKered yeast cells. 
The protection mechanism of immobilized cells against phenol was 
explained by Heipieper et al (1991). Microcolonies formation in an entrapped 
system leads to a connection of membrane gradients of the cells, because of 
the sharing of a common external milieu. After the loss of metabolites, due to 
an increase in permeability, the cells are faced with relatively high 
concentrations of these compounds inside the space of the colonies. In 
contrast to free cells, the instantaneous high dilution of the lost cellular 
materiel into the gel-free medium is slowed down by the matrix. Therefore, 
the efflux from immobilized cells is small and retarded compared with that of 
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free cells. Thus the cells can restore cytoplasmic material with lower cellular 
energy and protected from low permeability caused by toxic substances 
(Heipieper et a/.�1991). Membrane-active compounds are therefore less 
inhibitory to immobilized microorganisms than to free ceils as it is observed 
that immobilized cells are protected against biocidal agents and antibiotics 
(LeChevallier et al., 1988; Nichols etal., 1989). 
This protective effect allows degradation of concentrations of substrates 
which would be lethal to free cells as observed with the degradation of phenol 
by Pseudomonas sp which could degrade 2100 mg/L of pentachlorophenol 
where the lethal dose for free cells was 100 mg/L (Cassidy et al., 1996). 
Protection of Saccharomyces cerevisiae cells from twice the normally toxic 
level of alcohol has been observed with cells immobilized to alginate, K-
carrageenan and polyacrylamide gel (Holeberg and Margalith, 1981; Norton 
et al., 1995). Toxicity reduction may also be due to adsorption of the toxic 
compounds to the carrier, reducing overall toxicity levels. 
In the presence of sublethal concentrations of phenol, 4-chlorophenol and 
p-cresol, cells of Escherichia coli modified the fatty acid composition of their 
membrane lipids. The result of these changes, induced by the phenols, was 
an increase in the degree of saturation of lipids in order to compensate for the 
increase of fluidity of the membrane (Keweloh etal., 1990). 
Entrapped cells retained activity and effectiveness at high substrates 
concentrations which would inhibit free cells, for example, 10000 ppm 
surfactant (Thomas and White, 1991)，and ten times the phenol 
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concentrations which are toxic to free cells (Ehrhardt and Rehm, 1985). The 
use of entrapped cells would extend the range of contaminated sites when 
using microbial inocula as a remediation strategy, and increase the potential 
effectiveness of this strategy compared with the use of free cells. 
1.5.2.4 Increased metabolic activity 
There are demonstrated increases of metabolic activity of entrapped cells 
compared to free cells. For example, entrapped Saccharomyces cerevisiae 
cells were found to produce 80% and 40% more ethanol compared with free 
cells in two different researches (Galazzo and Bailey, 1990; Doran and Bailey, 
1986). Increased specific hexokinase and phosphofructokinase (PFK) 
activities were determined in the immobilized yeast cells in the microcolonies 
(Hilge-Rotamnn and Kehm ,1990). Low oxygen was suggested to stimulate 
the activity of PFK. Baillez et al (1985) reported increases of 20-25% in 
hydrocarbon production from alginate-entrapped Botryococcus braunii cells 
compared with free cells. Barros et al (1987) observed that K-carrageenan-
entrapped Saccharomyces boyanus completely fermented a solution of 
300g/L of glucose although free cells cannot convert more than 200g/L. 
Alginate-entrapped Methanosarcina barkeh cells maintained the ability to 
convert methanol to methane for a longer period of time than free cells 
(Scherer et af., 1981). The increased metabolic activity observed with 
immobilized cells occur in many of the systems studied. While the precise 
mechanism responsible for this effect is not clear, however, immobilized 
cells provide a better way to increase or maximize bio-remediation activity in 
the environment. 
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1.5.2.5 Reduction in water activitv 
Water activity is the ratio of water vapor pressure of substrate to the water 
vapor pressure of water. Low water activity was observed in immobilized cell 
preparations (Hahn-Hagerdal, 1990) and was suggested to be a reason for 
altered properties of immobilized cells (Mattiasson, 1983). Due to low water 
activity, the pools of polyols, ethanol and lactic acid are enriched. The 
increased polyols produced in Pichia farinosa stabilize the osmotic pressure 
in the immobilized cells (Bisping et a/., 1990b). Rhodes (1993) indicated that 
it is not the effects on the beads, but rather reduced water activity or oxygen 
deficiency in microcolonies that influence cell physiology. They concluded 
that close cell-to-cell contact influences the dynamic and not the structural 
aspects of the membrane since cells released from gel were as sensitive to 
phenol as free cells. 
1.5.2.6 Prolongation of products formation 
The prolongation of the metabolic activity has been well documented in 
many immobilized microorganisms of semi-continuous and continuous 
process for product formations, e.g. ethanol, glycerol (Bispring et al.，1990a; 
Hecker etal., 1990), citric acid (Eikmeier and Rehm, 1987) and other 
products. In contrast, free cells have only a short metabolic activity when they 
are used in batch culture for product formation (Kopp and Rehm, 1984). 
In a study of phenol degradation (Zache and Rehm, 1989)，the original 
degrading capacity for phenol could be observed even after a six-month 
storage at 5°C of calcium-alginate entrapped mixed cultures of Pseudomonas 
putida and Cryptococcus elinorii and the cells are still viable. Other report 
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showed that the immobilized cells continued to have activity but the cells were 
not detected to be viable (Hahn-Hagerdal, 1990). 
1.6 Application of immobilized microorganism in bio-remediation of azo dves 
Investigation of the use of microorganism in bio-remediation of azo dyes 
was still in laboratory (So, 1989; Ma, 1994) and at most pilot stage (Tso et a/.� 
1994). Immobilized microorganism were employed due to various 
advantages such as higher cell load, longer activity and lower toxicity to the 
cells. In the research of Ma Y. H. from our laboratory (Ma, 1994)，the 
bacterial strain Pseudomonas sp. ADD16-2 was shown to be a promising 
candidate for bio-remediation of azo dyes. This bacterium was isolated from 
Tuen Mun River and was selected for its high degradation ability and high 
tolerance against the toxicity of an azo dye, Tropaeolin 0. The bacterium can 
degrade a wide range of dyes (24 dyes with very different structures, see 
appendix 1) in a very high rate and the degradation condition does not require 
to be strictly anaerobic. Moreover, after immobilized in gel, the cells retain 
high degradability to azo dyes for three months. The degradation products of 
azo dyes can then be degraded by another bacterial strain M1 which cleave 
the aromatic rings and use them as carbon source. 
1.7 Purpose of study 
The purpose of this research is to further characterize azo dye 
degradation by the azo-dye decolourizing bacteria Pseudomonas sp. ADD16-
2. Accordingly, the substrate specificity of the cell and the azo-reductase of 
the bacteria, the effect of permeability, the effect of azo dye degradation 
products to the cells and the effect of immobilization to azo dye degradation 
by this bacteria will be studied. 
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2.1.4.1 Luria Broth medium 
2.1.4.2 Minimal medium 
2.2 Methods 、 
2.2.1 Culture of Pseudomonas sp. ADD16-2 
2.2.2 Purification and characterization of azo-reductase 
2.2.2.1 Preparation of crude extract 
2.2.2.2 Purification of azo-reductase 
2.2.2.2a Preparation of SDS-poIyacrylamide gel 
2.2.2.2b Sample preparation and application 
2.2.2.2c Electrophoresis condition 
2.2.2.2d Staining of gel by Commasie blue 
2.2.2.3 Measurement of azo-reductase activity 
2.2.2.4 Determination of effect of pH to azo-reducase activity 
2.2.3 Measurement of azo dye decolourization rate by whole cells of 
Pseudomonas sp. ADD16-2 
2.2.3.1 Preparation of cells 
2.2.3.2 Measurement of azo dye decolourization rate 
2.2.4 Measurement of azo dye decolourizatio rate by crude extract of 
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Pseudomonas sp. ADD16-2 
2.2.5 Determination of dye degradation products by High 
Performance Liquid Chromatography (HPLC) 
2.2.6 Measurement of redox potential of azo dyes 
2.2.7 Determination of the effect of cell permeation agents to dye 
degradation 
2.2.8 Determination of cell permeability 
2.2.9 To study the effect of the presence of dye degradation products 
or added aromatic amines to dye degradation 
2.2.9.1 Whole cell reactions 、 
2.2.9.2 Crude extract or purified azo-reductase reaction 
2.2.10 Immobilization of cells by different matrix 
2.2.10.1 Preparation of cells for immobilization 
2.2.10.2 Immobilization by calcium alginate 
2.2.10.3 Immobilization by K-carrageenan 
2.2.10.4 Immobilization by polyacrylamide gel 
2.2.10.5 Immobilization by agarose gel 
2.2.10.6 Measurement of viability of immobilized cells 
2.2.10.7 Measurement of azo dye degradation rate in 
immobilized cell system 
2.2.10.8 Measurement of intracellular K in calcium alginate 
immobilized cells 
2.2.10.9 Long term batch culture of immobilized cells 





All chemical reagents used were of analytical grade and were used 
without further purification. The following reagents were purchased from 
Sigma Chemical Co. (St. Louis, USA): Agarose; Adenosine-5'-triphosphate 
(ATP); Brilliant Blue R; calcium chloride; K-carrengeenan; cyloheximide; 
Diethylaminoethyl (DEAE) cellulose (fast flow, fibrous form); 2,5-
diaminobenzene-sulfonic acid; di-sodium hydrogen phosphate; LB (Luria) 
broth; Nicotinamide adenine dinucleotide reduced form (NADH) (tetrasodium 
salt); Nicotinamide adenine dinucleotide phosphate reduced form (NADPH) 
(tetrasodium salt); phenol; phenylmethane-sulfonyl fluroide (PMSF); 
potassium chloride; potassium phosphate; puromycin; rifampicin sodium 
alginate; sodium di-hydrogen phosphate; sodium dodecyl sulphate (SDS) and 
TEMED { N � N \ N � N -tetramethylenediamine). Methanol {HPLC grade), 
phosphoric acid (85%), toluene and tri-chloroacetic acid were purchased from 
Merck Chemical Co. (Darmstadt, West Germany). Matrex gel red A was 
purchased from Amicon Co.(Lexington, MA, USA). Acrylamide, Bis-
acrylamide, Broad range SDS protein standard were purchased from BIO-
RAD Co. Ammonium sulphate, glucose and sodium chloride were 
purchased from Riedel-de-Haen Chemical Co. (West Germany). 
Azo dyes (Fig. 2.1) used were purchased from either Fluka Co. (Buchs, 
Switzerland) or Sigma Chemical Co. Acid Yellow 9，New Coccine, Ponceau 
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Acid Orange 8，Acid Red 88，Acid Red 151’ Chromotrop 2B, Chromotrop 2R, 
Crocein Scarlet MOO, Hydroxynaphthol Blue, Mordant Yellow 12，Orange I， 
Orange II，Orange G, Ponceau BS, Ponceau Xylidine, Pricon Red, Sulfanilic 
Acid Azochromotrop and Tropaeolin 0 were purchased from Fluka Co. 
Aromatic amines were purchased from Aldrich Co.,Fluka Co., Riedel-de-
Haen Co. and Sigma Chemical Co. 1-amino-2-naphthol, 1-amino-2-
hydroxynaphthalene-3,6-disulfonic acid, 2,4-diaminobenzene-sulfonic acid, 
2,4-dihydorxy-aniline, 2,4-dimethyl-aniline were purchased from Aldrich Co. 
2-aminophenol, 1-amino-4-naphthol, 1 -aminonaphthalene-4-sulfonic acid and 
8-amino-1-naphthol-3,6-disulfonic acid were purchased from Fluka Co. 4-
aminobenzoic acid was purchased from Riedel-de-Haen Chemical Co. 
Orthanilic acid and sulfanilic acid were purchased from Sigma Chemical Co. 
2.1.2 Bacteria 
The bacterial strain Pseudomonas sp. ADD16-2 was isolated from Tuen 
Mun River by selecting against the resistance and degradability of the azo 
dye Tropaeolin 0 by Ma YH from this laboratory (Ma, 1994). 
2.1.3 Instruments 
The following instruments were used in this research: Shimazu UV-1201 
spectrophotometer; Hitachi CR20B2 refrigerated High Speed Centrifuge with 
RR14A and RR24A rotors; Varian Spectra Atomic Absorption 
Spectrophotometer with Varian Na/K lamp; Potentiometer (Keitheley Model 
36 
197); Waters HPLC system: 700 autosampler, 486 wavelength monitor and 
600 HPLC monitor with Supelco SUPELCOSIL LC-18 reverse phase column 
(25 cm length, 4 mm internal diameter, 5 jum particle size) automated by 
session manager software; Heat System W200R sonicator ceil disruptor; and 
Hoofer Mighty Small II mini-gel system. 
2.1.4 Recipes 
2.1.4.1. Luria Broth Medium (LB) 
Composition per litre: Trypton 1 〇 g 
Sodium chloride 5 g 
Yeast Extract 5 g 
2.1.4.2 Minimal medium (Zimmermann et al., 1982) 
Composition per litre: KH2 PO4 1.8 g 
Na2HPO4 3.0 g 
MgSO4.2H2O 0.2 g 
(NH4)2SO4 1.0g 
Trace elements solution 1.0 ml 
The composition of trace elements solution (per liter): 
CaCI2 0.1 g 
EDTA.Na2 0.505 g 
FeSO4.7H2O 0.2 g 
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CoCI2.6H2O 0.04 g 
H3BO3 0.03 g 
ZnSO4 0.01 g 
MnSO4.H2O 0.003 g 
CuSO4.H2O 0.001 g 
Na2MoO4.H2O 0.002 g 
2.2 Methods 
2.2.1 Culture of Pseudomonas sp. ADD16-2 
A single colony of Pseudomonas sp. ADD16-2 was inoculated in 3 ml of 
Luria (LB ) broth in a 10 ml snap cap tube. The tube was incubated at 30。C 
with 300 rpm shaking in a rotary shaker overnight. 1 ml of the cell suspension 
at late log phase (absorbance at 600 nm was about 1.4) was then transferred 
to 200 ml of fresh LB broth in a 500 ml conical flask. The flask was further 
cultured at the same condition for 30 hours until absorbance of the cell 
suspension at 600 nm measured in a 1 ml plastic cuvette with a Shimazu UV-
1201 spectrophotometer reached 1.9 - 2.0 (stationary phase). The bacteria 
strain was stored in LB agar plates in room temperature and monitored by 
regularly plating on LB agar plates every two weeks. 
2.2.2 Purification and characterization of azo-reductase 
2.2.. 2.1 Preparation of crude extract 
Cells were grown to stationary phase and then harvested by 
centrifugation at 12000 x g. The cells were then resupended in 50 mM 
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sodium phosphate buffer (pH 7.0) containing 1 mM protease inhibitor 
phenylmethanesulfonyl fluoride (PMSF) such that the cell density was 0.1 g 
wet weight of cells per ml of buffer. Sonication was done with a Heat System 
W200R sonicator cell disruptor at 50% duty per cycle in ten 2-minute intervals 
on an ice bath with 2 minute rest between each interval to prevent over-
heating and denaturation of the azo-reductase. The cell debris was removed 
by centrifugation at 13200 x g for 20 minutes at 4°C and the supernatant was 
filtered through a 0.45 micron filter. The protein concentration ofthe crude 
extract was measured by a protein-dye binding method described by Bradford 
(Bradford, 1975) with BSA (bovine serum albumin) as standard. Accordingly, 
0.1 ml of sample was added to 5.0 ml of dye reagent (25 mg/L Coomassie 
Brilliant Blue R in 8.5% phosphoric acid and 30% ethanol). After 5 min, 
absorbance at 595 nm was read in a Shimazu UV-1201 spectrophotometer 
2.2.2.2 Purification ofazo-reductase 
The azo-reductase was found to be an alkaline protein after testing the 
binding of protein to DEAE cellulose at different pH. Purification started by 
passing the crude extract through a DEAE cellulose column (40 cm length, 
2.0 cm internal diameter) at pH 8.0 using 50 mM Tris-Cl buffer (containing 1 
mM protease inhibitor PMSF) as eluant. Unbound protein fractions were 
collected as determined by absorbance at 280 nm. The unbound fractions 
were then pooled. Solid ammonium sulphate was then added to a final 
concentration of 40% (w/v). The precipitate protein was removed by 
centrifugation at 12000 x g at 4°C in a Hitachi CR20B2 centrifuge using a 
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RR14A rotor. Solid ammonium sulphate was then added to the supernatant to 
make the resulting final concentration equal to 50% (w/v). The precipitated 
protein was collected by centrifugation at 12000 x g, which was then 
dissolved in minimum amount of 10 mM Tris-Cl buffer (pH 8.4) and then 
dialyzed against 10 mM potassium phosphate buffer (pH 7.0). 10 mg of 
dialyzed protein were then injected to a Matrex gel Red A column (1 cm 
internatal diameterx10 cm length) equilibrated with 0.1 M potassium 
phosphate buffer (pH 7.0). The column was then eluted with a linear 
gradient of NADH from 0 _ 50 mM in 0.1 M potassium phosphate (pH 7.0). 
Fractions which showed azo-reductase activity were identified by the ability of 
the fraction (0.1 ml) to decolouize 0.1 mM of Orange I . Molecularweight of 
the purified azo-reductase was determined by SDS-PAGE (Sodium dodecyl-
sulphate polyacrylamide gel electrophoresis) against molecular weight 
standard according to the manual from Hoofer using a Hoofer mighty small II 
mini-gel system. 
2.2.2.2a Preparation of SDS-polyacrylamide gel 
A system consisted of 15% resolving gel (1.0 mm thick, 5.0 cm long) with 
3% stacking gel was used. The 15% resolving gel composed of 0.375 M Tris_ 
HCI’ pH 8.8; 0.01% (w/v) SDS; 15% (w/v) acrylamide and 0.4% (w/v) N,N._ 
methylene-bis-acrylamide (BIS). The 3% stacking gel composed of0.125 M 
Tris-HCI’ pH 6.8; 0.01% (w/v) SDS; 3% (w/v) acrylamide and 0.08% (w/v) BIS. 
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2.2.2.2b Sample preparation and application 
Protein samples were incubated for 3 min at 100 °C in sample diluting 
buffer，which composed of 0.0625 M Tris-HCI, pH 6.8; 2% (w/v) SDS; 10% 
(v/v) glycerol; 5% (v/v) beta^nercaptoethanol and 0.005% (w/v) bromophenol 
blue. Broad molecular weight markers were used as standards for size 
determination. 
2.2.2.2c Electrophoresis condition 
After the addition of running buffer, pH 8.3，which composed of 0.025 M 
Tris-HCI; 1.44% (w/v) glycine and 0.1% (w/v) SDS, electrophoresis was run at 
40 mA constant current at room temperature. When the tracking dye had 
completely run out of the gel, electrophoresis was stopped. 
2.2.2.2d Staining ofgel by Coomassie blue 
After electrophoresis, the gel was stained with 0.025% (w/v) Coomassie 
brilliant blue R in 50% (v/v) methanol and 5% {v/v) acetic acid for 4 hours. 
The gel was then destained with a mixture of 5% (v/v) methanol and 7.5% 
acetic acid with gentle shaking until the background of gel was clear. 
2.2.2.3 Measurement ofazo reductase activity 
The method was adopted form Zimmermann et al., 1984. One unit is 
defined as the amount of protein that will decolourize one micro mole of 
Orange I (dye 7) in one minute at 30。C’ The assay was done by adding azo 
reductase, Orange I and NADH were then added to a 1 ml plastic cuvette to 
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final concentration of 25 units, 0.1 mM and 10 mM respectively. Azo 
reductase activity was then measured spectrophotometrically at 480 nm.. 
2.2.2.4 Determination ofthe effect ofpH to azo-reductase activity 
Purified azo reductase was diluted with 0.2 M buffer at different pH: 
acetate buffer for pH 3.0 _ 5.5, sodium phosphate buffer for pH 6.0 _ 8.0; Tris-
Cl buffer for pH 8.5 -11. Azo-reductase activity was then measured. 
2.2.3 Measurement of azo dve decolourization rate bv whole cells of 
Pseudomonas sp. ADD16-2 
The method was modified from previous study of the cells by Ma (1994). 
2.2.3.1 Preparation of cells 
Pseudomonas sp. ADD16-2 grown to OD600 = 1.9 - 2.0 (stationary 
phase) as described in section 2.2.1 was harvested by centrifugation at 
13000 X g for 10 min at 4°C. The cells were then washed twice with cold 
saline (0.85%(w/v) NaCI). After that the cells were resuspended in azo dye 
decolourization buffer (50 mM sodium phosphate (pH 7.0) containing 0.5% 
(w/v) glucose and 0.1% (w/v) ammonium sulphate) such that the cell 
suspension would have an absorbance at 600 nm equal to 0.50. The cells 
were then pre-incubated in 30°C water bath for 8 hours. The pre-incubation 
was to allow the cells to recover from the disturbance due to low-temperature 
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high-speed centrifugation as cells pre-incubated less than 8 hours after 
harvesting showed a slower rate of dye degradation (appendix 3). Finally, the 
pre-incubated cells were transferred asceptically 40 ml each to 100 ml conical 
flasks. 
2.2.3.2 Measurement ofazo dye decolourization 
Stock azo dyes (20 mM) were added to the pre-incubated cells in the 
reaction flasks to make up to the desired final concentration. The cells were 
then statically incubated in 30°C water bath. No special steps was taken to 
ensure anaerobicity since the redox indicator methylene blue which added to 
the cell suspension was immediately decolourized. The rate of decrease of 
dye concentration was then measured at fixed time intervals. Accordingly, 1 
ml of sample was drawn out from each flask and transferred to a microfuge 
tube and the cells were spun down by a micro-centrifuge for 3 min. The 
supernatant was then diluted with 50 mM sodium phosphate buffer (pH 7.0) 
such that the absorbance would be in the useful range of the 
spectrophotometer. Absorbance at the maximum absorption wavelength of 
the dye (Table 2.1) was then measured in a 1 ml plastic cuvette using a 
Shimazu UV-1201 spectrophotometer 
2.2.4 Measurement of azo dves decolourzation rate bv crude extract of 
Pseudomonas sp. ADD16-2 
In a 1 ml plastic cuvette, crude extract was added to a final concentration 
of 1.0 mg/ml in 50 mM phosphate buffer pH 7.0. NADH and azo dyes were 
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Table 2.1 Maximum absorption wavelength of azo dye. The maximum 
absorption wavelength of the azo dyes were obtained by scanning the 
absorption profiles of 0.1 mM ofthe azo dyes in 50 mM sodium phosphate 
buffer (pH 7.0) in the visible wavelength range (appendix 2). These 
wavelengths were used for the measurement of azo dye decolourization. 
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Table 2.1 Maximum absorption wavelength of azo dves 
Azo Dyes I W |AzoDyes H ^ 
(nm] (nm) 
Acid Orange 8 477 Orange G 430 
Acid Red 88 ^~~~Orange I 480 
Acid Yellow 9 ^~~~Orange II 一 483 
Chromotrop 2B 508 Ponceau BS 509 
Chromotrop 2R 509 Ponceau S 512 
Crocein Orange G 479 Ponceau SS 5 1 4 
Crocein Scarlet MOO ^ Ponceau Xylidine s T ^ 
Hydroxynaphthol Blue 598 Pricon Red 5 1 0 
Mordant Yellow 12 ~ ^ Sulfanilic Acid Azochromotrop 510 
New Coccine 506 Tropaeolin 0 425 
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then added to a final concentration of 10 mM and 0.1 mM respectively. The 
cuvette was then sealed with paraffin and the rate of decrease of dye 
concentration was followed at the maximum absorption wavelength of the dye 
using a Shimazu UV-1201 spectrophotometer. 
2.2.5 Determination of dve degradation products bv High Performance 
Liquid Chromatography (HPLC) 
Degradation products of whole cells and crude extract were examined 
separately to allow study of dye degradation mechanism. Five dyes which had 
high available purity (>95%) were examined. The intermediates and products 
of dye decolourization for whole cells and crude extract were examined by 
HPLC and the profiles were compared against the authentic standards. 
Degradation products by whole cells were produced by allowing the cells 
to completely decolourize the dyes as described in section 2.2.3. 2 ml of 
samples were then drawn out from each of the flasks (for dye degradation) 
after vigorous shaking. The cells were spun down and the supernatant was 
filtered through a 0.2 micron syringe filter. Degradation products for crude 
extract samples were obtained in the same concentration of dyes as whole 
cells. 0.15 mM of azo dyes were degraded in 15 ml borosilica glass test 
tubes (160 X 20 mm) in the presence of 10 mM NADH and crude extract (1.0 
mg/ml). When the dyes were completely degraded as measured by 
spectrophotometer. Two ml of samples were drawn out from each the tubes 
which was then filtered through 0.2 micron filter. 
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The prepared samples together with standard azo dyes and aromatic 
amines were then injected into a SUPELCOSIL LC-18 reverse phase HPLC 
column (Supelco). The mobile phase was a mixture of 25 mM potassium 
phosphate buffer (pH 3.0) and methanol in a ratio of 3:7. The mobile phase 
was tested to be able to elute out all of the standard samples within 10 
minutes. Samples were eluted isocratically at a flow rate of1.0 ml/min. 
Absorbance at 237 nm was monitored during the eiution of samples through 
the column. 
2.2.6 Measurement of redox potential of azo dves 
The method of Mattews (1985) was used. The platinium electrode 
(Keitheley) was cleaned by dipping into aqua regia (mixture of 3 volumes of 
concentrated HCI and 1 volume of concentrated HNO3) and then rinsed twice 
with standard 1 mM azo dye solutions. The electrode was dipped into 100 ml 
of standard 1 mM azo dye solution in a 150 ml beaker. The standard calomel 
electrode (SCE) (Keitheley) was dipped into 100 ml of 3M KCI solution in 
another 150 ml beaker. A U-tube filled with 3 M KCI agar linked the two 
beakers and served as salt bridge. The potentiometer (Keitheley Model 197) 
was linked between the 2 electrodes in the external circuit, with the SCE 
connected to the positive terminal and the platinum electrode connected to 
the negative terminal. The reading of the potentiometer was then taken as 
the redox potential of the azo dye against SCE. 
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2-2.7 Determination of the effect of cell permeation agents to dve 
degradation 
The effect of different cell permeation agents were examined separately 
since their mechanism of permeation differed. The method was modified 
from Yoshimura and Nikaido (1982) and Hanock and Wong (1984) and the 
concentration of the chemicals used was adjusted to ensure that they were 
not lethal to the cells. Cells harvested as described in section 2.2.1，except 
that Tris-Cl buffer was used instead of phosphate buffer. Chemicals were 
added to the following final concentration: Triton X-100 (0.05% (w/v)), phenol 
(1 mM), 4-aminobenzoic acid (1 mM), lysozyme (10 mg/ml) and EDTA (10 
mM). One set of cells were subjected to both EDTA and lysozyme. The cells 
were then incubated in 25°C for 30 min. After that the cells were harvested 
by centrifugation at 3000 x g for 15 min. and then resuspended in 50 mM 
sodium phosphate buffer. Viability of cells was measured by serially diluting 
the cells in phosphate buffer followed by plating on LB agar plates. Acid 
Yellow 9 (dye 2) was then added to a final concentration of 0.1 mM and the 
rate of decrease of dye concentration was measured. 
2.2.8 Determination of cell permeability 
Permeability of cells were measured by measuring intracellular potassium 
ions as described by Heipieper et al (1992). Accordingly, 1.0 ml of cell 
suspension was drawn out at each flask to a 1.5 ml microfuge tube. The cells 
were then spun down by centrifugation in a micro centrifuge for 3 min. After 
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that the supernatant was aspirated and 0.5 ml of 5% (w/v) trichloroacetic acid 
was added. The tube was vortexed and then boiled for 5 min’ followed by 
centrifugation to pellet the cell debris. Potassium ions content of the 
supernatant was then measured by a flame emission atomic absorption 
spectrophotometer (Varian Spectra AA-10) with a Na/K lamp (Varian). 
2.2.9 To study the effect of the presence of dve degradation products or 
added aromatic amines on dve degradation 
2.2.9.1 Whole cells reaction 
Cells were prepared and allocated in 100 ml conical flasks as described in 
section 2.2.3. Stock azo dyes or aromatic amines at different concentrations 
were added to each of the flasks and dye degradation was allowed to 
proceed for 24 hours which was sufficient for complete degradation of the 
dyes. Intracellular potassium ion content of the cells was measured at the end 
of dye degradation period. The cells were then harvested by centrifugation at 
5000 X g at room temperature. Dye degradation rate of whole cells and crude 
extract was then measured. Dye degradation rate of whole cells was 
measured by resupending the cells in reaction buffer (50 mM sodium 
phosphate (pH 7.0) containing 0.5% (w/v) glucose, 0.1% (w/v) ammonium 
sulphate and 0.1 mM Acid Yellow 9). 
To obtain crude extract，the harvested cells were resuspended in 5 ml of 
cold 50 mM sodium phosphate (pH 7.0) containing 1 mM protease inhibitor 
phenylmethane-sulfonyl fluoride (PMSF) and sonicated fortwo 1-minute 
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intervals (2 minutes rest between each intervals) in a Heat System W200R 
sonicator cell disruptor at 50% duty per cycle. After that the cell debris was 
removed by centrifugation at 13000xg. Protein content of the supernatant 
was then measured by BradforcTs protein-dye binding method (Bradford. 
1975) and the azo-reductase activity was also measured. 
2.2.9.2 Crude extract or purified azo-reductase reaction 
Crude extract (1 mg protein/ml) and purified azo-reductase (25 units) were 
pre-incubated with different dyes or aromatic amines for 2 hours where all the 
added dyes were completely degraded as measured spectrophoto-metrically. 
New dye was then added from 50 mM (w/v) stock to final concentration of 0.1 
mM and the rate of degradation of the dyes were then measured. 
2.2.10 Immobilization of cells bv different matrix 
2.2.10.1 Preparation of cells for immobilization 
Cells were grown and harvested similar to that described in section 2.2.3 
except that immobilization buffer ( 50 mM HEPES (pH 7.0) containing 0.5% 
(w/v) glucose) was used instead of phosphate buffer • The cells were then 
diluted with 50 mM HEPES buffer (pH 7.0) to 1 x 10^ cells/ml. 
2.2.10.2 Immobilization by calcium alginate 
The method developed by Ma Y. H. in this laboratory was employed (Ma, 
1994). The prepared cell suspension was mixed with an equal volume of 4% 
(w/v) sterile sodium alginate solution. The resulting mixture was then added 
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dropwise to a sterile solution of0.1 M CaCI2 (containing 0.5% (w/v) glucose) 
in a 1-litre beaker through a peristalic pump with a 0.4 mm needle as opening 
and flow rate 1 ml/min. The distance of the needle tip to the liquid level of 
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CaCI2 solution was 5 -10 cm. The formed gel beads was then allowed to be 
hardened for 4 hours. The beads were then washed twice with saline and 
then incubated with immobilization buffer for 12 hours. 
2.2.10.3 Immobilization by K-carrageenan 
The method was modified from Wakao et al. (1994). Sterile 4% 
carrageenan was dissolved by heating to 80。C. After cooling to 50。C in water 
bath, equal volume (5 ml at a time) of cell suspension was then added and 
mixed. The cell mixture was then drawn out with a 10 ml syringe and then 
added dropwise with a 0.4 mm needle to cold 0.1M KCI solution with a flow 
rate of about 1.5 ml/min. The beads were allowed to be hardened for 4 hours. 
The beads were then washed twice with saline and then incubated in 
immobilization buffer for 12 hours. 
2.2.10.4 Immobilization by Polyacrylamide gel . 
Modified method of Li S. K. (Li, 1990) was employed. A 10% gel 
solution was made by dissolving 5 g of acrylamide, 0.4 g of BIS and 0.01 g 
ammonium persulphate per 100 ml of distilled water. The 2x cell suspension 
was then added. A 5% gel was formed by adding 50 |J of TEMED per 100 ml 
of cell mixture. After mixing, the cell suspension mixture was poured into 
plastic flat bottom tray to a height of approximately 4 mm. The immobilized 
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cells were then cut into small cubes of approximately 4 mm in length, washed 
with saline and then incubated in immobilization buffer for 12 hours. 
2.2.10.5 Immobilization by Agarose gel 
4% agarose gel was melted and then cooled to 50。C in water bath. Equal 
volume of cell suspension was then added and mixed. The resulting cell 
suspension was then poured into flat bottom plastic trays to allow the gel to 
form as it cooled. The immobilized cells were then cut into small cubes o f4 
mm in length, washed with saline and then incubated in immobilization buffer 
for 12 hours. 
2.2.10.6 Measurement of viability of immobilized cells 
The volume of the beads was estimated by measuring the amount of 
blotted dry beads that would increase a 1 ml mark of water level in a 10 ml 
measuring cylinder. The density of immobilized cells were determined by 
calculation. The gel used for entrapment was first dissolved to free the cells. 
For calcium alginate beads and K-carrageenan beads, 0.1 ml of beads (by 
counting the number of beads) was picked out and dissolved in 0.9 ml 0.2 M 
sodium phosphate buffer (pH 7.0) with vortexing for 3 minutes. For agarose 
and polyacrylamide gel, the cells were released by vigorously vortexing the 
cubes (which accounted for 0.1 ml) in 0.9 ml 50 mM phosphate buffer (pH 
7.0). Viability was measured by counting the number of colonies formed after 
plating the serially diluted samples on LB agar plates and incubating at 30。C 
for overnight. 
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2.2.10.7 Measurement of azo dye degradation rate in immobilized cell system 
Immobilized cells were prepared and then allocated each 20 ml of gel to 
100 ml conical flask with 40 ml of immobilization buffer. In order to exclude 
any effect of physical adsorption of dyes or aromatic amines, dummy beads 
(beads without cells) were added in the free cell samples such that the bead 
to volume ratio was the same as immobilized cells. Azo dyes were then 
added to obtain different final concentrations. At different time intervals, 1 ml 
of sample was pipetted out which was then centrifuged to remove the 
precipitate. Dye degradation rate was then followed at the maximum 
absorption wavelength of the dye. 
2.2.10.8 Measurement ofintracellular K in calcium alginate immobilized cells 
Calcium alginate immobilized cells were released by placing 0.1 ml of 
beads in 0.9 ml of 0.2 M sodium phosphate (pH 7.0) with vortexing for 3 min. 
After centrifugation, the supernatant was removed and 0.5 ml of 5% (w/v) 
trichloroacetic acid was added. The cells were then boiled for 5 min. The 
intracellular potassium ions content was then measured in atomic absorption 
spectrophotometer (Varian Spectra AA-10). 
2.2.10.9 Long term batch culture ofimmobilized cells 
The immobilized cells were placed by weighing to 1L E-flasks such that 
each flask contained 100 ml of matrix. 200 ml of immobilization buffer was 
then added to each flask. Flasks containing 200 ml of free cells which was 
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equal to the amount of cells used for making 100 ml of immobilized cells, was 
also set up in immobilization buffer. At regular time intervals, Acid Yellow 9 
was added to the flasks to a final concentration of 100 mg/ml. Dye 
degradation rate, viability and leakage of cells (ceils outside the matrix) were 
then measured at regular time intervals. 
2-2.11 Determination of toxicities of azo dves and aromatic amines 
Calcium alginate immobilized cells were made as described in section 
2-2.10.2. The cells were released by placing the immobilized cells in 0.2 mM 
sodium phosphate buffer (pH 7.0) with gentle shaking followed by 
centrifugation at 1000 x g to remove the precipitate. Toxicities of azo dyes 
and aromatic amines were measured by incubating the released cells, free 
cells at stationary phase (5 x 10® cells/ml) and calcium alginate immobilized 
cells in 100 ml of minimal medium containing azo dyes or aromatic amines 
at different concentrations (1 -10000 ppm). The number of viable cells were 
then measured by serial dilution followed by plating after incubation for 48 
hours. 
54 
CHAPTER 3 RESULTS 
3.1 Purification of azo-reductase 
3.2 Properties of azo-reductase 
3.3 Degradation of azo dyes 
3.3.1 Degradation profiles 
3.3.2 Products of dye degradation 
3.3.3 Effect of cell permeability on dye degradation rate 
3.3.4 Induction of dye degradation rate by prior dye degradation 
exercise or by direct addition of aromatic amines 、 
3.4 Effect of immobilization 
3.4.1 Effect of different immobilization matrix 
3.4.2 Toxicities of different azo dyes and aromatic amines to free and 
immobilized cells 
3.4.3 Effect of azo dyes and aromatic amines at high concentration 
on free cells and on immobilized cells 
t 
55 
CHAPTER 3 RESULTS 
3.1 Purification of azo-reductase 
The method of using dye-ligand binding chromatography was modified 
from Zimmermann et a/.(1982, 1984). The azo-reductase in this strain was 
found to be an alkaline protein rather than a neutral or acidic protein, and 
there was practically few publications about the purification of alkaline azo-
reductase. I have modified the process to suit the purification. The enzyme 
activity was expressed in terms of the unit defined by Zimmermann et al 
(1984). One unit was defined as the amount of protein that decolouizes 1 
^mol of Orange I in 1 min. at 30°C. Orange I at 0.1 mM was chosen as the 
standard azo dye since the dye was degraded at a measurable rate and had 
an absorption maximum wavelength (480 nm) not affected by the cofactors 
added. 10 mM NADH was used in standard enzyme assay to ensure the 
cofactors was in large excess. 
The first step of purification for the azo-reductase was elution through the 
anion exchanger DEAE cellulose. After passing the crude extract through the 
DEAE cellulose column, most of the proteins in the crude extract was 
removed and a 10-fold purification was obtained (Table 3.1). The protein was 
then fractionated by 40-50% ammonium sulphate which purified the protein to 
3.5-fold further and allowed the change of buffer after dialysis. The fraction 
was then resolved into 3 major peaks on Matrex gel Red A column. Azo-
reductase activity was found on fractions 42 - 48’ represented by the third 
peak of the elution profile (Fig. 3.1). The yield of azo-reductase was 58.5% 
with 85-fold purification. SDS PAGE analysis showed that there was a major 
band at about 30 kDa after the whole purification process (Fig. 3.2A). The 
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Table 3.1 Balance sheet of azo-reductase purification. The purification 
involved three steps. The crude extract was first applied to a DEAE cellulose 
column (2 x 40 cm) pre-equilibrated with 50 mM sodium phosphate buffer (pH 
8.0). The unbound fractions were collected and ammonium sulphate was 
added. The protein precipitated in the range of 40-50 % of ammonium 
sulphate was resupended in minimum amount of0.1 M potassium phosphate 
buffer (KPi) (pH 7.0) and then dialyzed against that buffer. The protein was 
then applied to a Matrex gel Red A column (1.5 x 15 cm) pre-equilibrated with 
0.1 M KPi (pH 7.0) and then eluted with 0.1 M KPi (pH 7.0) with a linear 
gradient of NADH from 0 - 50 mM. 
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Total amount Specific Total Yield Purification 
Purification ofprotein activity activity fold 
step (r^ fU/g protein) fU) (%) 
Crude extract 1520 4.4 6688 100 1 
DEAE cellulose 121 46.6 5639 84.3 10.6 
column. 
Ammonium sulphate 32 162.4 5196 77.7 36.9 
fractionation 
• 3 





Fig. 3.1 Eiution profile of Matrex qel Red A column during azo-reductase 
purification. The unbound fractions from DEAE cellulose column, after 
fractionated at 40 - 50% of ammonium sulphate followed by dialysis against 
0.1 M potassium phosphate buffer (pH 7.0) was injected into the Matrex gel 
Red A column (1.5 cm internal diameter，10 cm long) pre-equilibrated with 0.1 
M potassium phosphate buffer (pH 7.0). The column was then eluted with a 
linear gradient of NADH from 0 - 50 mM in 0.1 M potassium phosphate buffer 
(pH 7.0) at a flow rate of approximately 0.3 rpl/min. The eluted protein was 
collected in 3 ml fractions and the profile was monitored by protein-dye binding 
method described by Bradford (Bradford, 1975). The concentration of protein 
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Fig. 3.2 (A) SDS PAGE profile of protein at each purification steo. The 
purification steps were described in Materials and Methods. The gel was 
stained by Coamassie Brilliant Blue R. 
Lane 1: Crude extract 
2: DEAE cellulose column fractions 
3: Ammonium sulphate (40-50%) fractions 
4: Matrex gel Red A column fractions 
5: Molecular Weight Marker 
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Fig. 3.2 (B) Plot of log molecular weight versus mobility of the protein 
standard run on SDS-Dolvacrvlamide ael. The mobility of the purified protein 
was substituted into the graph (the dotted line) and the molecular weight ‘ 
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band at 14 kDa was the dye front. The molecular weight of the purified azo-
reductase was approximately 31200 daltons as determined from the mobility 
of the band from the plot of relative molecular weight against mobility of 
protein standard (Fig. 3.2B). The azo-reductase was very stable against 
extreme pH and could be stored for 3 months at 4。C without detectable loss 
> 
of activity. 
3.2 Properties of azo-reductase 
The Michaelis constant Km values for NADH and NADPH obtained from 
the Lineweaver-Burk plot (Fig. 3.3) were approximately the same value (8.69 
mM) with 0.1 mM of Orange � as degrading dye, suggesting that the enzyme 
was not selective on these two cofactors. For easier comparsion of the dyes, 
the dyes were divided into 5 groups according to the ring structures on both 
sides of the azo bonds (see fig 2.1). The degradation of the 19 degradable 
�. 
azo dyes obeyed the Michaelis kinetics from concentration of 24.6 to 165.1 
^M, showing that there was no product inhibition or activation at this 
concentration range. The Km value for the azo dyes were from 24.6 to 165.1 
i^M (Fig. 3.4) (table 3.2). In group (a), group (b)(i) and group (c) azo dyes, 
the Km values had a wide range. Group (b)(ii) azo dyes generally had lower 
Km values of 36.1 to 56.9 ^M. Group (d) azo dyes also had low Km values 
from 24.6 to 56.4 |iM. This showed that ring structure of group (b)(ii) and ‘ 
group (d) of dye had higher affinity to the enzyme. Among the tested azo 
dyes, Orange G (dye 6), New Coccine (dye 15) and Crocein Scarlet MOO 
(dye 16) had the same ring substitution pattern on the naphthalene ring, but 
Orange G was not degraded while the other two dyes had low Km values 





F'9- 3.3 Lineweaver-Burk plot for the degradation of Qranae I bv azn-
reductase with NADH and NADPH The azo dye Orange I (0.1 mM) was 
degraded with the purified azo-reductase (25 units) by different concentration 
ofthe NADH ( • ) and NADPH ( • ). The concentration ranged from 1 - 30 
mM. The [v] value was the initial rate of dye degradation and [s] was the 






























































 . T 一 A 
















Fig. 3.4 Hanes plots for the degradation of different azo dves bv azo-
reductase. The 20 azo dyes (see Fig. 2.1) was degraded with the purified 
azo-reductase (25 units) in the presence of 10 mM NADH in 50 mM sodium 
phosphate buffer (pH 7.0) at 30°C. The concentration of dyes ranged from 30 
-1000 ^M. The [v] value was the initial rate of dye degradation and [S] was 
the concentration of the cofactors. 
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Table 3.2 Km values for 20 azo dves arranged in qroups of different ring 
patterns (see Fig. 2.1). The Km values of the dyes were obtained from Hanes 
plots of different azo dyes degraded by the azo reductase (Fig. 3.4). Enzyme 
assay was done with different concentration of dyes (30 - 1000 ^iM) and 25 
units/ml of azo-reductase at 30。C in the presence of excess NADH (10 mM) 







Km values for 20 azo dves arranged 
in groups of different ring pattern 
Azo dyes Km ( ^ M ) 
Group a 
(1) Acid Orange 8 133.4 
(2) Acid Yellow 9 90.8 
(3) Mordant Yellow 12 100.8 
(4) Tropaeolin 〇 73.1 
Group b(i) 
(5) Crocein Orange G 131 
(6) Orange G ^ Not degraded 
(7) Orange I 78.2 
(8) Orange II 38.2 
(9) Ponceau Xylidine 165.:. 
Group b(ii) 
(10) Chromotrop 2B 56.9 
(11) Chromotrop 2R 36.1 
(12) Sulfanilic Acid Azochromotrop 39.:. 
Group c 
(13) Acid Red 88 124.7 > 
(14) Hydroxynaphthol blue 121,8 
(15) New Coccine 26.4 
Group d 
(16) Crocein Scarlet MOO 24.6 
(17) Ponceau BS 62.1 
(18) Ponceau S 56.4 
(19) Ponceau SS 37.4 
(20) Pricon Red 47.2 
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Fig. 3.5 Temperature (A) and oH (B) profiles of the enzvme activity of purified 
azo-reductase from Pseudomonas so. ADD16-2. Enzyme activity was 
meausred in the presence of 25 units of azo-reductase, 10 mM NADH and 0.1 
mM Orange I at 30。C. The effect of temperature was studied by first pre-
incubationg the enzyme and the buffer (50 mM sodium phosphate (pH 7.0)) in 
water bath at the measuring the temperature for 5 min. Orange I and NADH 
was then added to final concentrations of 0.1 and 10 mM respectively and the 
rate of change of absorbance at 480 nm was then measured in water bath 
maintained at the measuring temperature. The effect of pH was studied by 
diluting the enzyme to a desired concentration (25 units) using different 
buffers: pH 4.5-5.5: sodium acetate buffer; pH 6-8: sodium phosphate buffer; 
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The temperature optimum for degradation of Orange I was found to be 
approximately 30。C (Fig. 3.5A). Thus the standard temperature chosen for 
standard enzyme assay was set at 30。C. The azo-reductase could degrade 
Orange � from pH 5.5-8.5 and the optimum pH of the enzyme was found to be 
7.0 (Fig. 3.5B). 
3.3 Degradation of azo dves 
3.3.1 Degradation profiles 
Degradation profiles of the dyes were followed by the change of dye 
concentration against time and the dye was expressed in the percentage of 
the original dye concentration. A scanning of the absorbance profile through 
the visible range of the reaction mixtures taken during dye degradation 
showed that the maximum absorption wavelength was not shifted during dye 
degradation (appendix 2). Only the maximum absorption wavelength was 
thus used for measuring the dye degradation reaction rate. 
V 
〇f the 20 dyes used in this research, 19 azo dyes were degraded by the 
cells, only Orange G (dye 6) was not degraded. Some of the dyes were 
degraded almost linearly and some were degraded first with a slow phase and 
then a sharp rapid phase (Fig. 3.6). It was noticed that all the group (a) dyes, 
which were dyes with two benzene rings between the azo bond, did not have 
slow phase. All the dyes in group (b) to group (d) had at least one 
naphthalene ring. Of the five group (b)(i) dyes, Crocein Orange G (dye 5) and 
Orange II (dye 8) did not had slow phase, but Orange I (dye 7) and Ponceau 
Xylidine (dye 9) had a slow phase. Orange G (dye 6) was not degraded • All 
group (b)(ii) dyes had a slow phase and a very sharp rapid phase of dye 
degradation. All group (c) and group (d) dyes had a slow phase. The results 
73 
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Fig. 3.6 Degradation profiles of azo dves bv whole cells of Pseudomonas 
sp.ADD 16-2. Azo dyes were added to final concentration of 0.1 mM to 40 ml 
of cells (5.0 X 10® cells/ml) in a 100 ml conical flask pre-incubated to 30。C for 8 
hours. At fixed time intervals, the cell-dye mixture were drawn out and dye 
( 
degradation rate was then determined at the maximum absorption wavelength 
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suggested that the size of the aromatic ring determined whether there was a 
slow phase. As Acid Yellow 9 (dye 2) did not have a slow phase and was 
degraded in a high rate, it was chosen as the model dye for measuring dye 
degradation rate in whole cell system in other experiments. 
Crude extract degraded the azo dyes almost linearly for 19 of the tested 
dyes except Orange G (dye 6) basically without slow phase (Fig. 3.7). It 
seemed that the slow phase of degradation in whole cells system was due 
basically to the passage of the dye concerned into the cell so that enzyme 
substrates contact could be ensured. This appeared to be caused mainly by 
the structure of the dyes. 
The degradation rate of dyes by crude extract was plotted against 
measured redox potential (Fig. 3.8). There seemed to be a linear relation of 
the degradation rate to the redox potential for Ponceau SS (dye 19), Orange I 
(dye 7)，Chromotrop 2B (dye 10)，Acid Orange 8 (dye 1). Acid Red 88 (dye 
13) and Orange II (dye 8). However, no special structural relationship could 
be found between these dyes. Other dyes seemed to be scattered randomly 
in the graph and no significant relationship could be observed between the 
degrad3tion rate and the redox potential of the dyes. 
3.3.2 Products of dye degradation 
J azo dyes of high purity (>95% pure) and having available anthentic 
standards for their expected products (aromatic amines) were chosen for the 
examination of products from dye degradation by HPLC. The expected azo 
reduction reaction (for azo dyes with one azo bond) was: 
AriN=NAf2 <==> [Ar1NH-NHAr2] - > Ar1NH2 + Ar2NH2 
80 
Fig. 3.7 Degradation profiles of azo dves bv crude extract of Pseudomonas 
SD. ADD16-2. 0.1 mM of azo dyes were degraded by crude extract (1 mg 
protein per ml) in the presence of 10 mM NADH at 30 °C in 50 mM sodium 
phosphate buffer (pH 7.0). Dye degradation rate was followed by measuring 
the decrease of absorbance at the maximum absorption wavelength (see 
Table2.1)of the dyes. 
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Fig. 3.8 Relation of dve degradation rate of crude extract aaainf^t rP.Hnv 
potential of azo dyes. Dye degradation rate of crude extract was determined 
as the initial rate of dye degradation by crude extract (Fig. 3.7). Redox 
potential of the dyes were measured by taking the potential difference 
between the standard calomel electrode and the platinium electrode which 
dipped in the 1 mM dye solutions. The dyes were divided into 5 groups as 
described in table 2.1: 
Group a: • 
Group bi: A 
Groupbii: • 
Group c: >:、 
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where An and Ar2 were aromatic radicals 
One mole of azo dye was expected to release one mole each of the 
aromatic amines. 
The HPLC profiles for the degradation products of Orange II (dye 8) from 
whole cells (Fig. 3.9B) and crude extract (Fig. 3.9C) showed that the third 
peak (represented by one of the degradation product 1-amino-2-n3phthol) 
was lower for whole cell samples than crude extract sample, but the other 
product sulfanilic acid was in the same amount (Fig. 3.9). The result of the 
HPLC studies on the product of degradation for other dyes is shown in Table 
3.3. 
As it could be seen from the table, crude extract almost completely 
degraded the 5 azo dyes to aromatic amines, as only very low concentration 
of residue dye was detected. For azo dyes degraded by crude extract, all 
the aromatic amines resulted from dye degradation were detected to similar 
concentr3tion sis that of the concentration of dyes reduced (Table 3.3), which 
was predicted by the reduction chemical equation. Whole cells also degraded 
the azo dyes to completion as only very low concentration of residue dye was 
detected. However, except Acid Yellow 9 (dye 2), one of the aromatic 
amines products were detected in lower concentration than the other product 
and the original dye concentration. 
*»1: 
Those aromatic amines which were detected in lower concentration were 
all non-sulphonated (without sulphonic acid group). Sulphonated aromatic 
amines were detected in similar concentration to that of the concentration of 
dye degraded. This suggested that the non-sulphonated aromatic amines 
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Fig. 3.9 HPLC profiles of Oranae II and its degradation products: (A) Orange 
II before degradation; (B) degradation products of Orange II by whole ce"s; 
(C) degradation products of Orange II by crude extract; (D) anthentic 
standards of the two aromatic amines expected to be formed from degradation 
of Orange 11. 0.15 mM of Orange II was allowed to be degraded by 
Pseudomonas sp. ADD16-2 cells to completion. The standards (0.15 mM) or 
dye degradation products (after filtering with 0.2 micron filter and removal of 
cell debris) were injected into the Cis reverse phase column (5 jum particles, 
0.5 X 20 cm) and then eluted isocratically with a 30:70 mixture of potassium 
phosphate buffer (25 mM, pH 3.0) and methanol. The elution profile was 
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Table 3.3 Summary of the HPLC profiles of the degradation products o f ^ azo 
dves bv crude extract and bv whole cells of Pseudomonas sp. ADD、16-2. 
Products of dye degradation of whole cells and crude extract (after filtering 
with 0.2 micron filter and removal of cell debris) were injected into the Ci8 
^ . 
reverse phase column (5 ^m particles, 0.5 x 20 cm) and then eluted 
isocratically with a 30:70 mixture of potassium phosphate buffer (25 mM, pH 
3.0) and methanol. The elution profile was monitored at 237nm by Waters 
486 wavelength monitor and 600 HPLC monitor. The retention time, products 
identification and concentration calculation were done by the Millenium 
Session Manager software. 
« r -
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Report of HPLC profiles of the degradation products of 5 azo dves bv crude 
extract and bv whole cells of Pseudomonas SD. ADD16-2. 
Concentration (^M) 
Dye Chemical identified C ^ Extract 
(2) Acid Yellow 9 Acid Yellow 9 11.0 ( 7.3%) 0.2 ( 0.1%) 
Sulfanilic acid 144.5 (96.3%) 141.0 (98.0%) 
2,4-diaminobenzene-sulfonic acid 142.1 (94.7%) 143,6 (95.7%) 
WTropaeolinO Tropaeolin 0 5.6 ( 3.7%) 1.6 ( 1.1%) 
Sulfainilic Acid 144.5 (96J%) 146.6 (97.7%) 
2,4-dihydroxy-aniline 12.0 ( 8.0%) 136.0 (90.7%) 
(7) Orange I Orange I 7.1 ( 4.7%) 1.0 ( 0.7%) 
Sulfanilic acid 135.4 (90.3%) 146.6 (97.7%) 
l-amino-2-naphthol 38.8 (26.3%) 136.6 (91.1%) 
(8) Orange H Orange H 10.9 ( 7.3%) 1.4 ( 0.9%) 
Sulfamlic acid 143.6 (95.7%) 147.5 (98.3%) 
l-amino-4-naphthol 61.5 (41.0%) 141.5 (94.3%) 
(9) Ponceau Ponceau Xylidine 3.6 ( 2.4%) 2.4 ( 1.6%) 
Xylidine l-amino-2-hydroxynaphtlalene 148.5 (99.0%) 142.1 (94.7%) 
-3,6-disulfonic acid 
2,4-dimethyl-aniline 10.9 ( 7.3%) 138.2 (92.1 %) 
^^ ^^ ^^ ^^ ^^ ^^ •^••^ ^HHMWMMai^ MHH^^ M^MMMIMHM^^ ^H^HMHMnMWMaMMMMMMMM^H^WMMMMIMMHnB^M^^ HMHMM^HMII^ MHHMM t^aHMH^Ma^HHMMMmMiaMIMHM 
« r . 
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could not come out from the cells and so they were detected in lower 
concentration than the sulphonated aromatic amines in whole cell reaction. 
3.3.3 Effect of cell permeability to dve degradation rate 
The effect of cell permeability to dye degradation rate was determined by 
using different chemicals (at sub-lethal dose) to permeabilize the cells since 
different chemicals had different mechanisms of permealization. Phenol, 4-
aminobenzoic acid and Triton X-100 attacked the cell membranes. EDTA 
damaged the structure of the outer membrane and lysozyme attacked on the 
cell wall (Richards et al., 1995; Keweloh et al., 1990). The effect of EDTA 
may also change the function of any protein channels that need the chelation 
of ions. However, since transporter of azo dye have not been reported before 
(and it is very unlikely that the cell have such transporter since it does not 
need the dyes), and that the vast variety of structures in azo dyes are very 
unlikely to depend on transporter to enter the cells, it is assumed that the 
effect of EDTA exerted only on the permeation of the outer membrane. Rate 
of dye degradation was increased by permeation of the cells with sublethal 
dose of phenol, 4-aminobenzoic acid, Triton X-100 and EDTA (Fig. 3.10). 
However, when the cells were permealized by combination of EDTA and 
lysozyme, the dye degradation rate was decreased. This showed that with 
permealization of the outer membrane and cell membrane by sub-lethal dose 
ofchemicals caused the increase in the permeability of dyes and hence dye 
degradation rate increased. But when the cell waii was damaged by 
lysozyme, dye degradation rate was decreased. 
94 
Fig. 3.10 Effect of cell permeation agents to degradation of (A) Orange I and 
(B) Acid Yellow 9 bv Pseudomonas sp. ADD16-2. The cells (5x10® cells/mI) 
were pre-incubated with different permeation agents at a pre-determined sub-
lethal concentration for 30 min. prior to the addition of dye and the 
measurement of dye degradation rate. 
Legend: -n— 4-aminobenzoic acid (1 mM) ” 
+ EDTA(10 mM) 
~»~ EDTA (10 mM) + Lysozyme (10 mg/ml) 
~H~ Phenol (1 mM) 
^ Triton X-100 (0.05% (v/v)) 
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3.3.4 induction of dve degradation rate bv prior dve degradation exercise or 
by direct addition of aromatic amines 
Prior degradation of azo dyes were found to enhance subsequent azo dye 
degradation rate (Fig. 3.11 and Fig. 3.12). However, Orange G was an 
exception to this and there was an inhibition to dye degradation rate (Fig. 
3.11). The degradation rate was enhanced two to three fold depending on the 
concentraion of the dye used (table 3.4). Pre-incubating the cells in the 
presence of externally added aromatic amines also induced subsequent dye 
degradation. 2-aminophenoI caused an increase of dye degradation at 0.05 
mM but then was an inhibition at higher concentration (Fig. 3.12). This was 
due to high toxicity of this chemical. At concentrations over 0.05 mM the cells 
were killed. The amount of increase in dye degradability was depended 
on the concentration of prior dye degradation or pre-incubating aromatic 
amines. At sub-lethal concentration, higher concentration of dyes for prior 
dye degradation or pre-incubating aromatic amines caused greater increase 
of dye degradation rate, but the induction effect was then saturated at higher 
concentration. The induction effect was not specific to the dyes used to 
measure dye degradation rate, since prior degradation of four azo dyes could 
increase the degradation rate of each others (Fig. 3.13). The slow phase of 
the degradation curves of New Coccine and Crocein Scarlet MOO was either 
shortened or disappeared after the cells were induced. The induction effect 
was not affected if transcription inhibitor (rifampicin) or translation inhibitor 
(pyromycin) were added during the induction process (Fig. 3.14). Rifampicin 
inhibits the initiation of RNA synthesis wheras puromycin resembles 
aminoacyl-tRNA and reacts with peptidyl-tRNA which caused the termination 
of polypeptide chain. The results showed that the induction process did not 
involve transcription or translation in the cells. 
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Fig. 3.11 Induction effect of different azo dves on subsequent dve 〜 
degradation bv whole cells of Pseudomonas sp. ADD16-2. The cells (5 x 10® 
per ml in 50 mM sodium phosphate (pH 7.0) with 0.5% (w/v) glucose and 
0.1% (w/v) ammonium sulphate) were allowed to degrade azo dyes at 0 -
0.25 mM to completion before the examination ofthe rat^ofdegradation was 
done with subsequent addition of 0.1 mM Acid Yellow 9. Degradation rate of 
the dyes was obtained from the slope of degradation curves when 50o/o of the 
dye was degraded. The number of the diagram is the number of the dyes as 
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Fig. 3.12 Induction effect of different aromatic amines on dve degradation bv 
whole cells of Pseudomonas sp. ADD16-2. The cells were pre-incubated with 
different concentrations of aromatic amines (0 - 0.25 mM) for 24 hours. The 
cells were then washed and resupended into assay buffer (50 mM sodium 
^ . 
phosphate pH 7.0 containing 0.5% (w/v) glucose and 0.1% (w/v) ammonium 
sulphate) before measurement of degradation of Acid Yellow 9 (0.1 mM). 
Aromatic amines used: ~»~ 4-aminobenzoic acid 
~ ^ 1 -aminonaphthol-4-sulfonic acid 
_ ^^  
8-siminonaphthol-3,6-disulfonic acid 
~tr~ 2-aminophenol 
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Table 3.4 Relative rate of dve degradation bv un-induced cells and-cells 
induced by azo dyes. The initial rate of dye degradation by un-induced cells 
and induced cells were obtained in Fig. 3.11. The relative rate is calculated 




Relative rate of dye degradation by un-induced cells 
and cells induced by different azo dyes or aromatic amines 
Relative rate to un-induced cells 
Inducing chemical 0.05 mM 0.1 mM 0,15 mM 0.2 mM 0.25 mM 
Azo dyes 
1. Acid Orange 8 1.29 1.97 2.56 2.69 2.88 
2. Acid Yellow 9 1.07 1.32 2.12 2.28 2.37 
3. Mordant Yellow 12 1.09 1.15 2.23 2.45 2.62 
4. Tropaeolin 0 1.33 2.08 2.67 2.75 3.24 
5. Crocein Orange G 1.27- 1.86 2.49 2.93 3.11 
6. Orange G 0.84 0.63 0.38 0.03 0.01 
7. Orange I 1.41 2.66 3.13 3.51 3.65 
8. Orange II 1.06 1.24 2.79 3.37 3.48 
9. Ponceau Xylidine 1.03 1.26 1.84 2.38 2.94 
10. Chromotrop 2B 1.06 1.38 1.67 2.36 2.41 
11.Chromotrop 2R 1.09 1.66 2.34 2.63 2.73 
12. Sulfanilic Acid 1.04 1.35 2.1 2.59 2.9 
Azochromotrop 
13.Acid Red 88 . 1.05 1.92 2.33 2.42 2.46 
14. Hydroxynaphthol blue 1.16 1.54 2.16 2.22 2.28 
15. New Coccine 1.05 1.56 2.37 2.67 2.7 
16. Crocein Scarlet MOO 1.06 1.62 2.3 2.33 2.31 
17. Ponceau BS 1.02 1.55 1.61 1.72 1.78 
18. Ponceau S 1.06 1.47 1.59 1.6 > 1.66 
19. Ponceau SS 1.02 1.63 1.68 1.69 ‘ 1.72 
20. Pricon Red 1.11 1.57 1.59 1.7 1.73 
Aromatic amines 
4-aminobenzoic acid 1.09 1.15 1.47 1.56 1.63 
1-aminonaphthol 1.22 1.25 1.45 1.59 1.65 
-4-sulfonic acic. 
8-amino-l-naphthol 1.28 1.29 1.29 1.64 1.78 
-3,6-disulfonic acic. 
2-aminophenol 1.64 1.06 0.78 0.38 0.00 
Sulfanilic acid 1.15 1.24 1.39 1.60 1.97 
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Fig. 3.13 Induction effect of different azo dves on the degradation of azo 
dves bv whole cells of Pseudomonas sp. ADD16-2. The cells were pre-
incubated with 0.1 mM of the azo dyes: Acid Yellow 9 ( ~*~ )� Orange I 
( - ^ )� New Coccine ( - ^ ); Crocein Scarlet MOO ( - ^ ) and buffer for 
control ( - o ~ ) for 24 hours for complete degradation before they were tested 
for the degradation rate of the four azo dyes: (A) Acid Yellow 9; (B) Orange I; 
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Fig. 3.14 Effect of (A) translation and (B) transcription inhibitors to Orange \ 
induction of azo dve degradation. Transcription (1 -10 mg/ml rifampicin) and 
translation (1 -10 mM puromycin) inhibitors were added to the cells during the 
incubation of cells in 0.1 mM Orange I for 24 hours. The cells were then 
harvested and resupended into assay buffer (50 mM sodium phosphate pH 
7.0 containing 0.5% (w/v) glucose and 0.1% (w/v) ammonium sulphate). 
Degradation profile of 0.1 mM Acid Yellow 9 (0.1 mM) was then measured. 
Legend: (A) Transcription inhibitor concentrations: 1 mg/ml •»•�- 5 mg/ml ~ ^ 
10 mg/ml " • “ No inhibitor ~<y~ : (B) Translation inhibitor concentrations: 
• 
1 mM ^ 5 m M + 10mM ~^~ No inhibitor 女 
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In order to see whether the enzyme in the induced cells had higher 
activity, the enzyme activity in the crude extract of induced cells was 
measured. Fig. 3.15 showed that there was no increase in specific activity 
and in total protein content in the crude extract of cells induced by different 
dyes or aromatic amines. Since permeability was a rate-limiting factor of dye 
degradation, the change in non-specific permeability (measured by intra-
cellular potassium content) of induced cells was measured at different 
inducing dye concentrations. Fig. 3.16 showed that after degrading (induced 
with) dyes or pre-incubated with aromatic amines, the decrease in intracellular 
potassium content depended on the dye concentration. Decrease of 
potassium ions was lower in magnitude at low concentration of dyes or 
aromatic amines but was higher in magnitude at higher concentration of 
inducing chemicals. At lower concentrations of inducing chemicals, there 
was little induction effect with only a low decrease in intracellular potassium 
content, which was probably due to the recovery of potassium ions at low 
concentration of cell permeation agents (Hiepieper et a/.�1992). At higher 
concentrations of inducing chemicals, the increase in degradation rate of the 
ceils appeared to be directly related to the loss of potassium ions (increase in 
cell permeability). However, there was a limitation to the increase in 
degradation rate, which was due to the loss of cell viability. 2-aminophenol 
(Fig. 3.16H) showed an induction ability at below 50 mM but an inhibition at 
higher concentrations. This was due to the loss of cell viability when cell 
permeability increased too much. 
In order to see whether there was an induction effect to crude extract and 
purified azo reductase. Crude extract or azo-reductase was allowed to 
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Fig. 3.15 Azo-reductase activitv of the crude extract of induced cells. Cells (5 
X 10® per ml) were allowed to degrade 0.2 mM of (A) different azo dyes (Acid 
Yellow 9; Chromotrop 2B; Orange I; Crocein Scarlet MOO; New Coccine) to 
completion or (B) were pre-incubated with aromatic amines (1-amlno-naphthol-
4-sulfonic acid; 2-aminophenol; 8-amino-1-naphthol-3,6-disulfonic acid; aniline) 
for 24 hours. The cells were then homogenized by sonication and crude 
extract was obtained after removing the cell debris. Azo-reductase activity of 
the crude extract to 0.1 mM of Orange I was then measured. Legend: total 
cell protein [ ^ specific enzyme activity ^ y 
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Fig. 3.16 Change of dve degradation rate and intracellular potassium content 
of cells induced with azo dves or aromatic amines. Cells (5 x 10® cells/ml) 
were pre-incubated with azo dyes or aromaitc amines (0 - 250 ^M) in minimal 
medium for 24 hours. The rate of degradation of 0.1 mM Acid Yellow 9 (~»~ 
/ 
) w a s then measured by reading the absorbance change of the cell-dye 
mixture at 385 nm after spinning down the cells. Intracellular potassium 
content of the cells ( - o - ) was measured by first dissolving the ceils (the cell 
pellet by spinning down 1 ml of cell-dye mixture) in 0.5 ml 5% (w/v) trichloro-
acetic acid and then read the absorbance in a atomic absorption 
spectrophotometer using a Na/K lamp. Dyes and aromatic amines used: (A) 
Acid Yellow 9; (B) Orange I: (C) Crocein Scarlet MOO; (D) New Coccine; (E) 
Sulfanilic Acid; (F) 1 -aminonaphthol-4-sulfonic acid; (G) 8-aminonaphthol-3,6-
disulfonic acid; (H) 2-aminophenol. 
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degrade azo dyes or pre-incubated with aromatic amines before taking to 
measure dye degradation rate of Orange I. Except Orange G which showed 
a complete inhibition in the test concentrations, there was no increase in rate 
of degradation for all the samples tested at ail tested concentrations (Fig. 
3.17). 
3.4 Effect of immobilization 
3.4.1 Effect of different immobilization matrix 
Cells were immobilized and then allowed to stay in assay medium to allow 
stabilization of the cells in the gel matrix. The initial number of viable cells in 
the matrix showed the effect of immobilization process to the cell viability. 
Great loss of cell viability occurred after immobilization in K-carrageenan and 
agarose, while immobilization in polyacrylamide and calcium alginate cause 
much less cell death (Fig. 3.18). Fig. 3.19 showed that over one-month's 
batch culture in flask, azo dye degradation ability (degradability) for the 
immobilized cells (in all the four matrix) and free cells increased initially, 
which then decreased gradually and became stable. Approximately 70% of 
degradability was left at the end of the experiment for calcium alginate and 
more than 50% for the other three matrix, while free cells retained only 25%. 
The initial increase in dye degradation rate could be due to induction of the 
cells and later decrease was due to cell death because of nutrient limitation 
and accumulation of degraded products. Viability of immobilized cells were 
stable over the month after an initial decrease. At the end of the experiment, 
cells immobilized in agarose and K-carrageenan maintained approximately 
50% of viability while calcium alginate and polyacrylamide gel maintained 
more than 75%. Leakage of cells for calcium alginate and polyacrylamide gel 
occurred mainly at the start of experiment. The number of total leak cells 
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Fig. 3.17 Induction effect of different azo dves and aromatic amines to crude 
extract or purified azo-reductase of Pseudomonas sp. ADD16-2. Crude 
extract (1 mg protein/ml) or purified azo-reductase (25 units/ml) were allowed 
to degrade azo dyes (0 - 0.25 mM) to completion or pre-incubated with 
Orange G or aromatic amines (0 - 0.25 mM) for 1 hour before the 
measurement of the degradation of subsequently added Orange 丨（0.1 mM) 
by reading absorbance change at 480 nm. All assay and incubation were 
done at 30°C in 50 mM sodium phosphate buffer (pH 7.0) with 10 mM NADH. 
The number of the figures represents the number of the dye described in Fig. 
2.1. Number 21-24 represent the aromatic amines used: (21) 4-
aminobenzoic acid; (22) 1 -aminonaphthol-4-sulfonic acid; (23) 8-
aminonaphthol-3,6-disulfonic acid; (24) sulfanilic acid. 
Legend: Crude extract — « — Purified azo-reductase 一 • — — 
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Fig. 3.18 Change in number of viable cells lA) and cell leakaae (B) for ceils 
immobilized in different immobilization matrix. Free cells ( ~e~ ) and cells 
immobilized in agarose ( — ^ )’ calcium alginate ( - ^ )，K-carrageenan (-^<-
)and polyacrylamide ( - * - ) were cultured batch-wise in minimal medium 
with 0.5% (w/v) glucose for one month. During the month, azo dye Acid 
Yellow 9 was added to final concentration of 100 mg/L to the cell cultures at 
alternate days. The number of viable cells was measured by first breasking 
down 0.1 ml of immobilized cells to release the cells. Calcium alginate and K-
carrageenan immobilized cells were dissolved in 0.9 ml of 0.2 M sodium 
phosphate (pH 7.0) with gentle vortexing. Agarose and polyacrylamide gel 
immobilized cells were released by vigorously vortexing in 0.9 ml 50 mM 
sodium phospahte buffer (pH 7.0) for 5 min. Viability of the cellw was 
measured by serial dilution followed by plating on LB agar plates. Cell leakage 









































































































































Fig. 3.19 Change of dve degradation ability of batch-wise culture of cells 
immobilized in different matrix. The cells were immobilized in different matrix: 
calcium alginate ( - ^ ); polyacrylamide ( ~«~ ); k-carrageenan ( ) and 
agarose ( ~A~ ) and then incubated in 30°C water bath in minimal medium. 
Free cells ( ~ ^ ) were cultured in similar conditions to the immobilized cells 
for comparsion. In one month's time, the azo dye Acid Yellow 9 was added to 
the cell cultures to final concentration of 100 mg/L in alternate days. The azo 
dye degradation rate of each cell culture was measured by reading 
absorbance change at 385 nm for samples drawn out from the cell cultures 
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outside the matrix then slowly decreased, which should be due to the death of 
the leak ceils. The number of leak ceils for K-carrageenan and agarose were 
maintained at similar level throughout the experiment without improvement, 
showing that the cells continuously leaked out to compensate the dead ones. 
The performance of the immobilized cells (all four matrix) were better than 
free cells as the viability and dye degradability for free cells decreased much 
faster than immobilized cells. Calcium alginate had the best performance 
among the different matrix used and was thus chosen as the model gel for 
further experiments on effects of immobilization. 
3.4.2. Toxicities of azo dves and aromatic amines to free cells and to 
immobilized cells 
Toxicity curve of free cells, released cells after immobilization and calcium 
immobilized cells were shown in Fig. 3.20 and the lethal dose 50% (LD50) was 
summarized in table 3.5. L D 5 0 was higher for immobilized cells than free cells 
for all the 20 dyes and 7 aromatic amines, thus immobilized cells were more 
tolerant to high concentration of azo dyes than free cells. The increased 
tolerance was irregular but definite among the dyes and aromatic amines. 
Released cells from immobilization had similar L D 5 0 values to free cells, 
showing that there was no change in cell physiology against toxic chemical 
after immobilization. The exceptionally low L D 5 0 values for Orange G and 2 -
aminophenol accounted for their inhibition behaviour in the induction 
experiments. 
3 4 3 Effect of azo dves and aromatic amines at high concentration to free 
cells and to immobilized cells 
Dye degradation of free cells were inhibited at lower dye concentration 
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Fig. 3.20 Toxicities of azo dves and aromatic amines to (A) free cells: (B) 
released cells after immobilization (C) calcium alginate immobilized cells. 
Immobilized cells were made by mixing the cells with 2% alginate to final 
/ 
concentration of 1 x 10® cells per ml. The cells were added drop-wise to 0.2 
mM calcium chloride solution and then allowed to harden for4 hours followed 
by pre-incubating in minimal medium for 12 hours. Released cells were 
made by placing the immobilized cells in 0.2 mM sodium phosphate buffer 
(pH 7.0) with gentle shaking followed by centrifugation at 1000 x g to remove 
the precipitate. The measurement of toxicity was done by adding azo dyes 
and aromatic amines (1 - 10000 ppm) to bacteria cells (5 x 10® cells/ml) in 
minimal medium for 48 hours. The number of viable cells were then counted 
by plating on LB agar plates. 
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Table 3.5 Toxicities of azo dves and aromatic amines to Pseudomonas sp. 
ADD16-2. Azo dyes and aromatic amines of different concentrations were 
added to the bacterialcells in minimal medium for 48 hours. The numberof 
viable cells were then counted by plating on LB agar plates. The data of 
lethal dose 50% (LD50) from plots of viable cells against concentration of the 
chemicals used (Fig. 3.19). The concentration of chemicals which caused the 
number of cells to drop to 50% compared with the initial cell concentration 




LDso (ppm) Ratio 
Released ceUs 
———~ Chenucak Free ceUs_aftcrimmobmzation LmmobUized cells Free -ImmobiUzcd 
A； Azo dyes “ 
LAcidOrange8 645 624 2543 l . 3 9 4 
2 . A d d Y e l b w 9 2426 2356 3950 ： 6 3 
3. MordantYellow 12 483 463 963 J ： Jon 
4. Tropaeolin 0 1162 1122 2493 1..2.15 
5. CroceinOrangeG 436 412 964 1 : 2 2 1 
f ， n g e G 36 40 93 1；2：58 
l ^ ' ^ ' ' i 635 666 1961 1:3.09 
-^ Orangen 584 553 1240 1 . 2 13 
9. PonceauXylidine 237 256 642 1 : 2 7 1 
10. Chromotrop 2B 760 772 1634 l : 2 i 5 
11.Chromotrop 2R 780 832 1923 | ；' 2'47 
12. SuIfaniIicAcidAzochromotrop 1543 1478 324Q 1 . 2 1 0 
13. AcidRed88 531 542 2236 1'.4 21 
14. Hydroxynaphthoiblue 1325 1324 3021 1 . 2 2 8 
15. New Coccine 1342 1383 2640 1 : 1 ^ 
16. Crocein Scarlet MOO 1450 1440 2920 1 .• 2 03 
17. Ponceau BS 1484 1442 2855 1 • 192 
18. Ponceau S 1366 1408 2212 1 : 1 6 2 
19. Ponceau SS 1237 1199 2165 l : l .75 
20. Pricon Red 184 165 538 1 :2.92 
* 
B) Aromatic amines : 
1-aminonaphthoM-sulfonic acid 685 666 1632 1 . 2 3 8 
2-aminonaphthol 385 381 820 1 -2 13 
2-aminophenol 50 44 84 1 . 168 
4-aminobenzoic acid 543 564 1024 1 . 1 39 
8-amino-1 -naphthol-3,6- 1624 1583 3523 1 ： 217 
disulfonic acid 
Aniline 260 286 483 1 ： 1.86 
一 Sulfanilic acid 950 993 2346 1 ： 2:47 
t 
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than immobilized cells for all the four dyes tested (Fig. 3.21). Dye 
degradation for free cells was completely inhibited or stopped after the dye 
was degraded to a certain extent when the concentration of dye was 3000 
ppm, but immobilized cells could still degrade the dye completely at the same 
concentration. At 2000 ppm, it could be seen that dye degradation rate by 
free cells was slower than immobilized cells and two of the dyes could not be 
degraded completely. Dye degradation was not inhibited for immobilized cells 
at 2000 ppm. At 1000 ppm, the dye degradation rate for free ceils was still 
lowered than immobilized cells and the degradation of Orange I (Fig. 3.21B) 
was inhibited after degraded to 50% but immobilized cells was not inhibited. 
Degradation of dyes by immobilized cells were much faster than free cells 
(except 1000 ppm New Coccine) as compared by the t50 values (Table 3.6). 
Intracellular potassium content of the bacterial cells were measured as an 
indicator of non-specific permeability (Heipieper et al., 1991). For the 
degradation of azo dyes at 1000 ppm, it could be seen that the intracellular 
potassium content of both free cells and immobilized ceils dropped sharply to 
approximately 40-50% and 30-40% of the original content at the start of the 
experiment. Then the intracellular potassium content became constant for 
free cells until the end of the experiment. But immobilized cells showed a 
recovery of intracellular potassium content to approximately 60-70 % of the 
original and then maintained at such level after the dye degradation was 
completed. At 2000 ppm of dyes, similar pattern could be seen, but the 
intracellular content of the immobilized cells restored to lower level. At 3000 
ppm, the intracellular content of immobilized cells could not be recovered for 
two of the dyes and the other two were recovered to a lower level than that at 
2000 ppm. The recovery of potassium occurred only after dye degradation 
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Fig. 3.21 Comparsion of free cells with calcium alginate immobilized cell for 
the (i) degradation rate of azo dves and (ii) change of intracellular potassium 
ion during the degradation process. Free ( — o ~ ) (5 x 10® cells/ml) and 
( • •) calcium alginate immobilized cells (1 x 10® cells/ml of beads, 1 ml of 
bead in 2 ml of dye degradation medium) were employed to degrade (A) Acid 
Yellow 9; (B) Orange I; (C) Crocein Scarlet MOO and (D) New Coccine at (1)、 
3000 ppm; (2) 2000 ppm and (3) 1000 ppm. The change in cell permeability 
during dye degradation was measured by the change in intracellular potassium 
content. Accordingly, the volume of beads that equalled to 1 x 10® cells/ml 
was taken out. For free cells, 2 ml of cells was drawn out and then pelleted. 
For immobilized cells, 1 ml of beads was drawn out, which was then dissolved 
by boiling in 1 ml of 0.5 M sodium phosphate buffer (pH 7.0) and the cells was 
then pelleted, The harvested cells was then dissolved in 0.5 ml of 5% 
trichloroacetic acid. After removing the cell debris, the intracellular potassium 
content of the supernatant was measured by atomic absorption 
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Table 3.6 tsn of free and calcium alginate (2%) immobilized cells for different 
dves. The time (t50) at which 50% of azo dyes were degraded by free and 
immobilized cells are obtained from Fig. 3.20. The ratio is calculated by 




t^ of free and calcium alginate (2%) immobilized cells 
for different dves 
t50 Oiour) 
Dye Free Immobilized Ratio 
tom) CeUs CeUs QFree/immobiHzed) � 
Acid Yellow 9 
3000 72.2 28.3 2.55 
2000 59.1 22.4 2.64 
1000 26.7 18.3 1.46 
Orange I 
3000 ND* 53.6 -
2000 80.2 14.4 5.57 
1000 44.4 3.6 12.33 
Crocein Scarlet MOO 
3000 83.2 9.3 9.95 
2000 32.2 4.8 6.71 
1000 10.1 5.0 2.02 
New Coccine � 
3000 ND* 20.8 - ： 
2000 ND* 19.6 ” 
1000 19.6 19.5 1.00 
*ND: The cells could not reduce the dye concentration to lower than 
50% of the original concentration. 
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was completed (see arrows in Fig. 3.21). This showed that cells were 
permealized while the dyes were degraded, but then was able to recover the 
permeability after dye degradation was completed. The intracellular 
potassium content was dropped to minimum level at the end of dye 
degradation. 
Added sulfanilic acid caused a decrease of intracellular potassium 
content of both free and immobilized cells (Fig. 3.22). Intracellular content of 
both free and immobilized cells dropped immediately once the chemical was 
added to the cells. At the same concentration of sulfanilic acid, the drop of 
intracellular potassium content for immobilized cells was less than that of free 
cells. After a period of stabilization, immobilized cells could slowly recover 
some of intracellular potassium content but free cells could not. In the 
presence of dyes and aromatic amines, the intracellular potassium 
concentration for immobilized cells was always higherthan that of free cells. 
Thus the immobilized cells were more resistant against the loss of potassium 




Fig. 3.22 Change in intracellular potassium content of free and immobilized 
cells in various concentrations of added sulfanilic acid. Sulfanilic acid at (A) 
3000 ppm; (B) 2000 ppm and (C) 1000 ppm was added to the culture of free 
( ~ 0 ~ ) and calcium alginate immobilized ceils ( - ^ ~ ~ ) . At fixed time 
V 
intervals, 1 x 10^ cells were taken out for the measure of intracellular potassium 
content. Immobilized cells were first released from the matrix by dissolving in 
0.5 M sodium phosphate. The cells were then boiled in 5% trichloroacetic acid 
followed by pelleting the cell debris. The potassium content of the the 


























































































































































































































































































































































































CHAPTER 4 DISCUSSION 
4.1 Degradation'of azo dyes by Pseudomonas sp. ADD16-2 
4.2 Permeability of azo dyes to Pseudomonas sp. ADD16-2 
4.3 Induction of dye degradation rate 
4.4 Effect of immobilization 
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4.1 Degradation of azo dves bv Pseudomonas sp. ADD16-2 
Ma Y. H. from our laboratory found Pseudomonas sp. ADD16-2 to be a 
superb bacterial strain in biodegrading azo dyes (Ma, 1994). It can 
decolourize 24 out of 25 dyes tested (appendix 1). It is further shown that dye 
moieties containing at least one sulfonic acid group and a ring structure of 
only benzene type and/or naphthalene type are good substrates of the strain. 
In the present study, 20 selected azo dyes, of which 10 of them are different 
from that of Ma have been tested. Likewise, except Orange G (dye 6)，all the 
other 19test dyes are degraded. Indeed Pseudomonas sp. ADD16-2 has a 
wide spectrum of azo dyes degradability. This appears to be a unique and 
advantageous property when the cells are used to degrade dyes in industrial 
waste water that composes of several different dyes. 
A wide spectrum or a low structural selectivity of azo reduction by 
microorganisms have been observed by several research groups (Chung et 
a/.’ 1978; ldaka etal., 1987; Watabe etal., 1980). It has been suggested 
that this azo dye reduction is simply a reaction caused by the shuttling of 
electrons from the electrons transport chain to the dye molecules and that the 
selectivity of dye reduction depends only on the redox potential of the dye 
(Walker et aL, 1970). However, later findings did not support this view and it 
is more accepted currently that the reduction of dyes is due to an enzymatic 
action of azo-reductase. A detailed investigation of the structural selectivity of 
azo-reductase was done by Zimmermann et al. (1982’ and 1984). 
Accordingly, by using Orange 丨 and Orange II as model sample, they claimed 
that a 2- or 4- hydroxyl group on the naphthalene ring is required for the 
successful biodegradation of the azo dyes. This finding was re-inforced by 
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that of Pasti-Gigsby et al. (1992) who showed that a Streptomycetes sp. could 
degrade only those 'azo dyes with naphthol-derivative where the hydroxyl 
group was in the 4-position of the naphthalene ring and Dykes et a/.(1994) 
showed tha two bacteria degraded only those dyes with a 2-hydroxyl group on 
the naphthalene ring. The azo-reductase of the Pseudomonas sp. ADD16-2 
(both purified enzyme and the whole organism used) does not need this 
requirement as both Orange I and Orange II can be fully degraded. This 
indicates that enzyme specificity of Pseudomonas sp. ADD16-2 may be 
different. 
A clue for the structural requirement of the enzyme may have come from 
the non-degradation of Orange G. Orange G can be described to have a 
naphthalene moiety on one side and a benzene moiety on the other side of 
the azo bond. Dye species with identical naphthalene substituents (Crocein 
Scarlet MOO (dye 15) and New Coccine (dye 16) or identical benzene 
substituents (Crocein Orange G (dye 5), Chromotrop 28 (dye 10), Crocein 
Scarlet MOO (dye 15) and Ponceau SS (dye 19) (refer to fig. 2.1) retain full 
degradability, which means the non-degradation of Orange G is not due to 
either the naphthalene or benzene moiety. It appears that the 3-dimensional 
structure of Orange G is fully responsible for its inertness in the degradation 
process. The inerntness of Orange G seems to be exceptional to 
Pseudomonas sp. ADD16-2 as other reports showed that Orange G was 
degraded by other bacterial strains such as Proteus vulgaris and Bacillus 
subtilis (Ogawa et al., 1981; Shaul et al., 1991). A comparison of the scope 
of dyes that are degraded by different bacterial strains is difficult since the 
dyes that were tested by different research groups are very different in 
structure and conditions, and many research groups synthesize novel dyes 
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for research purpose. 
At this point, whether the bacterial strain has no degradation ability 
towards Orange G or it does have but is over-shadowed by a tight binding of 
this Orange G molecule with the enzyme rendering the blockage of the 
subsequent dye degradation is not clear From the results (refer to Fig. 3.16 
(6))’ it can be seen that when a mixture of Orange I and Orange G are 
allowed to be degraded by the azo-reductase, no degradation of either dye 
can be observed. This pattern of inhibition is observed for different 
concentrations of Orange G. On the other hand, the low Km values of dyes 
which have identical naphthalene moiety with Orange G imply that Orgnge G 
may have strong affinity to azo-reductase. This suggests that Orange G may 
be locked into the enzyme site and so inhibit further degradation of Orange I. 
The question of how Orange G inhibits the enzyme can be answered if 
specific mutants that can degrade Orange G is found. Unfortunately, an 
attempt to isolate such mutants has not been successful. Therefore, it can 
only be concluded at present state that Pseudomonas sp. ADD16-2 is an azo 
dye biodegrader with wide specificity and the structural requirement of the dye 
is observed with Orange G as an inhibitor of the enzyme. 
On the other hand, our results show that Orange G is much more toxic 
than other azo dyes to Pseudomonas sp. ADD16-2 (refer to Table 3.5). This 
result is unexpected since Orange G itself in general is not a very toxic 
chemical to most bacteria. The toxicities of azo dyes to the cells can be due 
to either the degraded products or the dye molecules themselves. Those 
dyes that have identical structures to one of the ring of Orange G such as 
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Crocein Orange G, Chromotrop 2B, Crocein Scarlet MOO and New Coccine, 
do not have high toxicity. Thus the exceptionally high toxicity of 
Orange G is not due to the formation of any of the "degradation products" 
even if the dye is degraded. The real toxic effect of Orange G must come 
from the whole molecule itself and not its fragment. It is also possible that the 
high toxicity of the dye to the bacteria stems from the poisoning of the azo-
reductase, which renders the enzyme to a non-functional state. If so, then 
the physiological function of the azo-reductase seems to be essential and 
crucial to the survival of the cells. 
Information about the function of azo-reductase in the bacteria is 、 
insufficient since most studies with azo dyes degradation by bacteria focused 
on how well the bacteria degrade the dyes. Most studies show that azo-
reductase is constitutively produced by the bacteria and azo reduction of 
bacteria is not plasmid encoded (Brown and DeVito, 1993; Chung etal., 
1993). This suggests that azo-reductase possesses a physiological function 
in the microorganism concerned. In Clostridium perfringens, it was 
demonstrated that the azo-reductase and nitro-reductase are the same 
enzyme (Rafii and Cerniglia, 1993). 
On the other hand, the story of having azo dye degradability in bacteria 
appears to be strain specific. While most bacterial species need not be 
induced by subjecting the cells to azo dyes (Rafii et al., 1990; Ryan et a/.， 
1968), but in other bacteria, azo reduction can be induced by giving the cells 
azo dyes (Zimmermann et a/.’ 1984). To make the picture more complicated, 
other bacterial cells have azo-reductase inside the cells but do not exhibit its 
reaction at normal condition. This is quite reasonable since the dye 
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molecules do not readily transport through the permeability barrier of these 
bacterial cells (Yatome etal.，1991). Meanwhile, intestinal bacteria secrete 
azo-reductase to the cell surface even though no azo dye is present in their 
living environment (Chung et a/.，1978). All findings taken together may show 
that azo-reductase may have different functions in different bacterial system. 
And apparently it seems unlikely that the actual role of azo-reductase in 
nature is for the degradation of polluting dye stuff, unless there is an 
advantage for the bacteria to have it. However, since the degradation 
products aromatic amines are much more toxic than the dyes, the obvious 
advantage of having azo reductase will not be detoxification of dyes in the 
living environment of the bacteria. The more likely possibility is that the 
bacteria may require the azo dyes as oxygen substitute for the regeneration 
of NAD during anaerobic respiration or that the cells live symbiotically with 
another microorganism that can degrade aromatic amines. However, if the 
function of the azo reductase of Pseudomonas sp. ADD16-2 were any of the 
above two possibility, then the high toxicity of Orange G will be not related to 
the azo-reductase, since the culturing environment of the bacteria is aerobic 
and without toxic concentration of azo dyes. Whether the high toxicity of 
Orange G is related to the poisoning of azo-reductase needs to be studied 
further by making mutants having no azo-reductase activity or mutants having 
high toxicity to Orange G. 
4.2 Permeability of azo dves to Pseudomonas sp. ADD16-2 
The degradation curves of all the azo dyes by the whole cell exhibit 
basically two distinctive profiles, one with an approaching to linear 
degradation rate while the other shows a bi-phasic kinetics starting with a 
slow initial rate followed by a sharp increase in rate. Previous studies by Ma 
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丫. H. (Ma, 1994) suggested that slow phase could be caused by an inhibition 
effect from oxygen and so the cells have to use up the residue oxygen in the 
reaction flask before the dye can be degraded at full speed. This appears to 
be not likely to happen, because in Ma's measurements, the reaction flasks 
were actually exposed to air in the course of study and air was allowed to get 
into the cell culture when samples were drawn out from the reaction flasks as 
rate measurements were taken. If the slow rate is due to trace amount of 
oxygen present, then a periodical inhibition of rate due to exposure wi" be 
observed in the plotting. This is not shown. In addition, when an addition of 
redox indicator methylene blue to the reaction flasks, the indicator was 
decolourized immediately, showing that the environment in the flask is 
anaerobic. This is to say, the amount of oxygen in the air is substantially and 
functionally insignificant. Moreover, slow phase in the dye degradation curves 
can be found on some but not all the dyes being tested. This suggests that 
the slow phase may be originated from other factors. 
Results in this study show that crude extract can degrade the dyes almost 
linearly without the presence of a slow phase hinted that the cell itself is a 
barrier to dye degradation and cell permeability is a rate-limiting step for azo 
dye degradation. This concept is strengthened by a comparison of the t50 
(time at which 50% of dye was degraded) of various dyes by whole cells and 
crude extract (Table 4.1). If there is no barrier for the dyes to enter the cells, 
the ratio of the t50 values for cells and crude extract should be the same for 
different dyes. The difference in ratio of the t50 values of whole cells and 
crude extract for different dyes appears to be due to the rate of permeation 
rate of the azo dyes into the ceils. 
Dubin and Wright (1975), by studying the kinetics of dye degradation, 
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Table 4.1 fen of the rate of degradation of azo dves bv whole cell and bv 
crude extract. The time (t50) at which 50% of the azo dyes (0.1 mM) were 
degraded by whole cells (5 x 10® cells/ml) and crude extract (1 mg protein/ml) 
are obtained from Fig. 3.6 and Fig. 3.7 respectively. The ratio is calculated 




t5o of the rate of degradation of azo dves 
by whole cell and by crude extract 
“ 一 Uo 
Azodye Whole cell Crude extract Ratio* 
(hour) (minute) (CeU/extract) 
1. Acid Orange 8 17.6 36.2 29.2 
2. Acid Yellow 9 7.4 19.2 23.1 
3. Mordant Yellow 12 13.8 39.5 21.0 � 
4. Tropaeolin 0 19.7 63.3 18.7 
5. Crocein Orange G 10.3 71.5 8.6 
6. Orange G N.D # N.D.# 
7. Orange I 12.7 11.2 68.0 
8. Orange H 31.4 72.2 26.1 
9. Ponceau Xylidine 18.3 163.0 6.7 
10. Chromotrop 2B 5.8 14.7 23.7 
11.Chromotrop 2R 5.3 38.4 8.3 
12. Sulfanilic Acid 9.1 27.6 19.8 
Azochromotrop 
13. Acid Red 88 15.5 34.2 27.2 
14. Hydroxynaphthoi blue 14.5 41.3 21.1 
15. New Coccine 13.6 24.2 33.7 ., 
16. Crocein Scarlet MOO 13.5 36.5 22.2 ： 
17. Ponceau BS 13.7 102.2 8.0 
18. Ponceau S 11.6 46.6 14.9 
19. Ponceau SS 6.4 7.3 52.6 
20. Pricon Red l_53 2 U 43.2 
* all converted to minutes before taking ratio 
# N.D.: not degraded 
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suggested the mechanism of dye permeation to the cells to be divided into 2 
separate steps. First of all, the dye molecule adsorbs onto the cell. The dye 
molecule may adsorb to protein or to certain external structures of the cell 
wall. This binding of the azo dye molecule to the adsorbed site was followed 
by the accumulation (formation of self-aggregate) of dye molecules (Yariv et 
a/.’ 1989). The second step is a comparatively faster permeation of dyes into 
the cells. Depending on the structures of the dyes, some can enter the cells 
readily，some need to bind to the cell surface structures first. The initial slow 
phase of dye degradation represents a slow adsorption of dyes to the cells. 
Our results show that if the outer membrane or cell membrane is 
permealized, the dye degradation rate is increased. However, if the cell wall 
structure is disrupted by lysozyme, the dye degradation rate is decreased 
(refer to Fig. 3.10). Since the permeability of Pseudomonas species is 
guarded by the outer membrane as well as the cell membrane, any treatment 
that permealized these membranes will definitely facilitate dye degradation 
rate. On the contrary, destruction of cell wall leading to an interference of 
adsorption results in a decrease in degradation rate. This is consistent to the 
previous suggestion made by Dubin and Wright (1975) that adsorption is 
essential to dye permeation. Since dyes stain cell wall, the staining process 
involves the adsorption of dye to the cell wall and the accumulation of dye 
molecules. The increase of local dye concentration may accelerate dye 
permeation but the mechanism is not fully uncovered at this stage. 
The permeability of azo dyes to Pseudomonas sp. ADD16-2 is probably 
selected on the ring structure of the azo dyes. Our results show that all dyes 
with only two benzene rings (group a) exhibit no slow phase. Most of the 
other dyes that contain one naphthalene ring exhibit a slow phase and all the 
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dyes with two naphthalene rings (group c) show a definite slow phase, the 
larger size of the naphthalene ring may be responsible for the presence of the 
slow phase. Other research groups have suggested that permeability is 
selected on the number of sulfonic acid groups. Brown (1993) shows that the 
higher the number of the sulfonic acid groups in the dye molecule, the higher 
is the charge of the molecule and thus a lower permeation rate would be 
observed. Yatome et al (1991) reported that only non-sulfonated azo dyes 
are selectivity permealized into Pseudomonas stutzer. However, because of 
species difference, the permeability of azo dyes to Pseudomonas sp. ADD16-
2 does not depend on the number of sulfonic acid groups. A separate 
criterion of cell permeation may be in operation in different cell types. We 
have attempted to synthesize radioactive labeled dyes for the study of rate of 
permeation of azo dyes with different substitution groups but the chemical 
synthesis is not successful. This permeation study has to wait for future 
exploration. 
4.3 Induction of dve degradation rate 
The results show that the presence of dye degradation products exhibit an 
induction effect to further dye degradation. The effect was observed for all 
degradable dyes tested at their sub-lethal concentrations. This induction 
appears to be universal and is not specific to one type of dye even though 
Orange 丨 seems to be a little more effective but still it may actually all belong 
to the same mechanism. Cells induced by one azo dye can enhance the dye 
degradation rate of other azo dyes two to three times of the rate of un-
induced cells, depending on the concentration of the dyes. The fact that 
externally added aromatic amines can also produce an induction ability, 
suggests strongly that the degradation products are the main effector for the 
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induction event. 
How such an induction is obtained is unknown, but the results show that 
neither transcription nor translation is involved in the induction process (refer 
to Fig. 3.14). There is also no increase in specific enzyme activity found in 
the crude extract obtained in induced cells. Moreover, the crude extract as 
well as the purified enzyme cannot be induced by allowing to degrade azo 
dyes to completion prior to actual activity testing (refer to Fig. 3.17). These 
results can be interpolated to mean that the induction process is neither 
operating at the protein biosynthesis level nor at the enzyme activity level. On 
the other hand, the results that the permeability ofthe induced cells is being 
enhanced worth consideration. The degree of induction is shown to be 
related to the increase in cell permeability. Apparently, it is the aromatic 
amines from dye degradation reaction that increase the cell permeability and 
causes induction. However, the relation of cell permeability increase by 
inducing dyes seems to be chemically specific. Dyes which caused similar 
increase in cell permeability did not cause the same increase in degradation 
rate. This is probably because different aromatic amines formed from dye 
degradation exert different mechanisms to increase cell permeability. 
The increase in cell permeability can be due to either the sulfonated or 
non-sulfonated aromatic amines formed from dye degradation reaction as a 
dye is cleaved into two halves. The HPLC data of azo dyes degradation 
products in whole cells shows that non-sulfonated aromatic amines fractions 
from dye degradation do not come out but remain inside the cells (refer to Fig. 
3.9). It is known that non-sulfonated aromatic amines are less hydrophilic 
and may bind to DNA and other protein structures (Stiborova et a/.’ 1988). 
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Their low solubility allows them to dissolve into cell membranes and cause an 
increase in cell permeability. On the other hand, sulfonated aromatic amines 
can act as uncouplers that travel freely between cell membranes (Tratnyek et 
al., 1994). Such uncoupler effect can cause two effects. One effect is the 
direct increase of dye permeability and so is the increase in dye degradation 
rate. The other effect is' the dissipation of hydrogen ions. This will inhibit A TP 
synthesis, which cause the cells to rely on glycolysis to synthesize ATP and 
so the rate of glycolysis has to be increased to meet the need of the cell. 
Consequently, an increase in glycolysis can increase the turnover of NADH 
and hence the degradation rate will be increased. This suggestion is 
supported by the observation that an addition of A TP inhibits the induction 
effect in Pseudomonas sp. ADD16-2 (appendix 5). 
Is the cause of an induction by the dye degradation products stems simply 
from an increase in azo dyes permeability due to the permeation effect of the 
dye degradation products (aromatic amines). The azo dye degradation 
behaviour of another bacterial strain Pseudomonas putida sp. AD1 can give 
some interesting information (appendix 6). 
Pseudomonas putida sp. AD1 was isolated from waste water by 
Guongdong Microbiology Institute through selection over the use of benzoic 
acid as a sole carbon source. This strain was found to possess an ability to 
azo dye degradation unexpectedly when experiment was done to test this 
strain in the clarification of aromatic amines from azo dye degradation. 
Appendix 6 summarized the dyes that are degraded by P. putida sp. AD1 in 
different situation. 
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The crude extract of P. putida sp. AD1 can degrade 19 of the 20 tested 
dye and Orange G is not degraded. The pattern same as that ofthe strain 
ADD16-2. However, intact cells of P. putida sp. AD1 can degrade only one of 
the tested dye — Orange I. If the cells are allowed to degrade (be induced by) 
Orange I first, the cells will then gain the ability to degrade further the other 18 
azo dyes that can be degraded by the crude extract. This means that the 
permeability ofthe cells to the other 18 dyes has been induced by the Orange 
I degradation reaction. A question is raised whether it can be interpreted that 
the degradation of Orange 丨 simply increase the non-specific permeability of 
the cells. The answer is given by the observation that directly increasing the 
permeability ofthe cells by reagents such as EDTA and phenol doesnot 
make the cell exhibit full sprang induction (only 9 or 10 dyes are degraded). 
Furthermore, an attempt of using either one of the Orange I degradation 
products (sulfanilic acid and aminonaphthol) directly to induce the cells can 
only convert the cells to degrade 9 more dyes but not all the dyes. In this 
aspect’ it seems that either sulfanilic acid or aminonaphthol acts only as a cell 
permeation agent and so the results are similar to that of any cell permeation 
agents. These observations suggest that the induction process in P. putida 
sp. AD1 is somewhat different. 
It seems in Pseudomonas sp. ADD16-2, the membrane permeability can 
be easily facilitated by an aromatic amine. But in P. putida sp. AD1，the 
change of permeability is partial, and depends very much on the reagent 
used. Use of surface active chemicals or aromatic amines can only turn on 
the permeability of a few dye types but not all. It seems besides a chemical 
induced non-specific permeability mechanism, another specific mechanism is 
also in operation. Whether the induction ability of P. putida sp. AD1 can be 
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expanded and how it can be expanded is not explored. 
4.4 Effect of immobilization 
The results showed that immobilized cells could sustain higher 
concentration of dyes or aromatic amines than free cells. Viability is retained 
more in immobilized cells and azo dye degradability is less inhibited even at 
higher dye concentrations. 
During dye degradation, the intracellular content of potassium ions in cells 
was found to exhibit an increase after an initial decrease. Such a recovery of 
potassium occurred only after dye degradation was completed. Since 
aromatic amines will be generated automatically as far as dye degradation 
carries on, the cell permeability will remain high that renders a re-uptake of 
the intracellular potassium ions unsuccessful. What mechanism 
immobilization protects the cells against the permeability attack by the 
aromatic amines and helps the cells to restore permeability resulting in a 
faster recovery of intracellular potassium has to be explained by speculation 
from other observations. A mechanism put forward by Keweloh was that the 
tight environment inside a microcolony of the gel bead retained the leaked 
cytosol of the cells to be reabsorbed by the other cells and thus the cells 
shared the cytosol with each others (Keweloh et a/.’ 1989). This explanation 
was substantiated by Heipieper's work who claimed the leak cytosol was 
readily re-uptaken by the cells and so potassium ions were restored 
(Heipieper et al., 1991). The present study is consistent to this explanation. 
Keweloh, however, offered another "envelope" conceptto account for 
the protective effect of immobilization in which change in morphology and the 
159 
lipid acid content in the cell wall of the immobilized cells had been suggested 
as the reason for resistance of the immobilized ceils against chemicals 
(Kewe!oh etal., 1990, 1991). On the other hand, Mattiassion et a/(1984) 
suggested that reduced water activity of the micro-environment inside the gel 
matrix was responsible for this protection effect. Our present studies add no 
new knowledge that can arrest a discrimination of the existing explanation, 
but the facts from our findings that cells released after immobilization do not 
exhibit extra protection effect against toxic chemicals seems to argue against 
the envelope model suggested by Keweloh. 
The protection effect of the gel matrix, together with the induction effect 
of dye degradation products, suggested why immobilized cells have superior 
performance in azo dye degradation. At low dye concentration, the cells are 
induced. And at higher concentrations, free cells cannot survive due to loss 
of ions from excess increase in cell permeability, while cells immobilized 
obtains protection from the matrix. Thus immobilized cells are superior in the 
whole degradation process provided that the dye concentration range is 
maintained in an appropriate level. As waste water from dyeing industry 
contained azo dyes at most at mM level, the additional resistancy to dye 
toxicity in immobilized cell provides a better ground for its use in the treatment 




1 • The azo-reductase of Pseudomonas sp. ADD16-2 is a monomer with a 
molecular weight of 31200 daltons. The enzyme is not selective over NADH 
or NADPH. 
2. Pseudomonas sp. ADD16-2 can degrade 19 out of the 20 test dyes, only 
Orange G is not degraded. 
3. Pseudomonas sp. ADD16-2 can be induced in dye degradation by azo 
dyes and by aromatic amines. The Induction effect does not involve the 
enzyme but rather appears to be a change in cell permeability. 
4. Immobilized cells have longer useful life than free cells. Cell viability and 
dye degradation ability are better preserved in immobilized cells. 
5. Immobilized cells has higher tolerance than free cells against high 
concentration of azo dyes and aromatic amines. The protection effect of 
immobilized cells is due to preservation of cell permeability. 
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Appendix 1. Structures of azo dves that were examined in previous studv bv 
Ma Y. H. in our laboratory (Ma. 1994). The degradation ability of 
Pseudomonas sp. ADD16-2 against the 25 azo dyes were examined by Ma Y. 
H. Except Orange G (dye XII), all the azo dyes were degradable by the 
bacterium. 
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Appendix 2. Absorption profiles of azo dve degradation products taken at 
different time intervals. 0.1 mM of azo dyes were degraded by Pseudomonas 
sp. ADD16-2 (5 X 10® cells/ml). At different time intervals, 1 ml of cells was 
drawn out. After pelleting the cells, the sample was scanned for the 
absorbance at different wavelengths. The number of the diagrams 
corresponded to the number of the dyes in Fig. 2.1. 
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Appendix 3. Effect of pre-incubation time to dve degradation rate of Orangp i 
by Pseudomonas sp. ADD16-2 The cells were pre-incubated at different 
time intervals after harvesting before the addition of 0.1 mM Orange 丨 and the 
measurement of dye degradation rate. 
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Appendix 4. Effect of calcium ions (0 - 0.2 M) to (A) dve degradation and (B) 
viabi"tv of cells. Pseudomonas sp. ADD16-2 cells (5 x 10® cells/ml) were 
incubated in minimal medium with different concentrations (0 - 0.2 M) o f 、 
calcium choride and azo dyes where the degradation rate of Acid Yellow 9 
(0.1 mM) was measured. For the measurement of viability, the cells were 
incubated in minimal medium with calcium chloride for 24 hours and then the 
viability of cells was measured by serial dilution followed by plating. 
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Appendix 5 Effect ofATP to induction effect of Orange I to whole cells nf 
Pseudomonas sp. ADD16-2. Induced cells were prepared by allowing the 
cells to be pre-incubated in minimal media with 0.1 mM of Orange 丨 for 24 
hours. The degradation rate of 0.1 mM of Orange 丨 subsequently added was 
then measured in the presence of ATP at concentrations of 0 mg/ml ( ~<v~ )； 
1 mg/ml ( ^ ); 5 mg/ml ( 女 ‘);10 mg/ml ( ^ ); 20 mg/ml ( _ ^ ). 
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Appendix 6 Summary of azo dve that was degraded bv Pseudomonas putida 
AD1 cells. 0.1 mM of each of the azo dye was added to static culture of the 
cells (5 X 10® cells/ml) in 50 mM sodium phosphate buffer (pH 7.0) with 0.5% 
(w/v) glucose and 0.1% (w/v) ammonium sulphate. Dye degradation rate was 
«• 
measured in the same way as that of Pseudomonas sp. ADD16-2. (A) 
Untreated cells; (B) cells induced with 0.1 mM of Orange I; (C) Crude extract 
from untreated cells; (D) 0.1 mM of sulfanilic acid added to induce the cells; 
(E) 0.1 mM of 2-aminonaphthol was added to induce the ceils; (F) the cells 
were permealized with lysozyme and EDTA before dye degradation; (F) the 
cells were permealized with phenol before dye degradation. 
+ = the dye was degraded by the cells as measured spectrophotometrically to 
completion 
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